Clemson University

TigerPrints
All Dissertations

Dissertations

12-2016

FLUORESCENT METHODS FOR
INVESTIGATING METABOLIC PROCESSES
IN TRYPANOSOMA BRUCEI
Sheng Lin
Clemson University, iruul81818@gmail.com

Follow this and additional works at: https://tigerprints.clemson.edu/all_dissertations
Recommended Citation
Lin, Sheng, "FLUORESCENT METHODS FOR INVESTIGATING METABOLIC PROCESSES IN TRYPANOSOMA BRUCEI"
(2016). All Dissertations. 1833.
https://tigerprints.clemson.edu/all_dissertations/1833

This Dissertation is brought to you for free and open access by the Dissertations at TigerPrints. It has been accepted for inclusion in All Dissertations by
an authorized administrator of TigerPrints. For more information, please contact kokeefe@clemson.edu.

FLUORESCENT METHODS FOR INVESTIGATING
METABOLIC PROCESSES IN TRYPANOSOMA BRUCEI
A Dissertation
Presented to
the Graduate School of
Clemson University

In Partial Fulfillment
of the Requirements for the Degree
Doctor of Philosophy
Chemistry

by
Sheng Lin
May 2015

Accepted by:
Dr. Kenneth Christensen, Committee Chair
Dr. Meredith Morris
Dr. Jeffery Anker
Dr. George Chumanov

i

ABSTRACT
Trypanosoma brucei is a unicellular kinetoplastid protozoan that is the causative
agent of Human African Trypanosomiasis, or Sleeping Sickness. Combating these
protozoan pathogens presents an ongoing challenge due to their efficient immune evasion
strategies, lack of effective vaccines, poor drugs and emerging drug resistance, and the
general lack of knowledge of their unique biological processes. Among one of the most
important biological pathways for kinetoplastid protozoans is the synthesis of ATP from
glucose within glycosome organelles. Glycosomes are related to mammalian peroxisomes,
but differ in having a fully compartmentalized glycolysis pathway in addition to basic
peroxisomal functions. While equivalent processes and organelles have been thoroughly
studied through live cell imaging in other organisms, similar studies of T. brucei have only
recently made significant progress and many fluorescent-based techniques have not yet
been applied in kinetoplastid studies.
In order to increase our understanding of trypanosome biology, we have developed
quantitative fluorescence-based sensors for sub cellular analysis of metabolic pathways in
T. brucei. The pH of the glycosomal compartment was quantified with a probe consisting
of a peptide encoding a peroxisomal targeting sequence attached to fluorescein. When
incubated with living cells, the probe is internalized within glycosomes and allowed for the
quantification of pH through ratiometric analysis of fluorescein emission at 495 nm and
430 nm excitation. Using this probe, we were able to measure the physiological pH (~7.4)
of glycosomes under standard culture conditions, as well as discover a pH acidification
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response (~ 6.8) to nutrient starvation. This starvation response is dependent on Na+ and
ATP and regulated independently form the cytosol. The use of transporter and exhcnager
inhibitors suggest that V-ATPase and Na+/H+ exchangers are responsible for glycosome
pH regulation.
We also adapted a ratiometric forster resonance energy transfer (FRET) protein
construct (FLIPGlu) consisting of enhanced yellow fluorescent protein (EYFP) and
enhanced cyan fluorescent protein (ECFP) FRET pairs flanking a periplasmic binding
protein. This protein changes conformation upon binding to glucose, resulting in a
measureable change in FRET ratio. FLIPGlu was expressed in T. brucei glycosomes,
allowing for the dynamic quantification of glucose. Trypanosomes were found to maintain
230 ± 50 and 530 ± 50 µM glucose in the insect and mammalian life stage respectively.
Glucose starvation resulted in a decrease in glycosome glucose levels (~40 ± 10 µM) over
30 minutes but recovers upon reintroduction of glucose.
The work presented here fulfills an important need for the implementation of
powerful fluorescent techniques to study Trypanosome metabolic pathways. This can
greatly advance the understanding of kinetoplastid biology and lead to insights in
evolutional divergence of trypanosome biology and therapeutic treatments. While the
probes studied here were developed to specifically study pH, and glucose levels relating to
glycolysis and glycosomes, these platforms can be modified to cover a wide range other
biological parameters, analytes, and organelles.
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CHAPTER ONE
INTRODUCTION

The underlying goal of this project is to develop and validate fluorescent-based methods
for studying metabolic processes and parameters in live Trypanosoma brucei. Ratiometric
fluorophores bound to targeting peptides as well as constitutively expressed FRET protein
constructs were developed. These biological probes were successfully utilized to quantify
dynamic changes in pH regulation and glucose concentration in the cytosol and glycosomes
of live T. brucei with subcellular and temporal resolution.
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1.1

The Disease
Trypanosomatids are dangerous unicellular parasitic organisms of the class

Kinetoplastida and are ubiquitous in parts of sub-Saharan Africa, Central Asia, Middle East,
and South America. It is estimated that kinetoplastids, including other parasitic protozoa
such as T. Cruzi and Leishmania, infect over 30 million people a year [1] and a total of 350
million more are at risk worldwide [2]. Trypanosoma brucei (T. brucei), the causative agent
of Human African Trypanosomiasis (HAT), or sleeping sickness, infects hundreds of
thousands of individuals in endemic areas and can be responsible for more deaths than HIV
(Fig. 1-1) [3]. The parasite is transmitted to humans by the bite of an infected tsetse fly
vector. The initial stage of the disease occurs within the first three weeks and includes
symptoms of fevers, headaches, itchiness, and joint pains. If left untreated, the parasite
continues to grow and divide, eventually crossing the blood-brain barrier and infecting the
central nervous system. This results in the second stage of the disease, in which the infected
experiences confusion, poor coordination, numbness and erratic sleeping patterns [4]. If
untreated, HAT is almost always fatal [5]. The parasite also infects cattle and game animals
(where it causes the disease ‘nagana’), thereby restricting agricultural development and
significantly contributing to poverty in afflicted areas [1].
The prevalence of these parasites is exacerbated by the lack of effective therapeutic
agents as well as social, geopolitical, unsanitary and impoverished conditions. In the past
thirty years, failures in control measures and treatment regimens have caused the impact of
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this parasite to increase substantially, such that it is now the biggest killer in parts of Africa
[1].
There are currently four licensed drugs for treatment of HAT: suramin (Germanin)
[6], pentamidine (Pentamidine isethionate) [7], melarsoprol (Arsobal) [8] and eflornithine
(Ornidyl) [9]. However, these treatments are toxic, hard to administer, and have low
success rates, especially during late stages of the disease. Currently, there is not an effective
method to combat kinetoplastid diseases due to their efficient immune evasion strategies,
lack of effective vaccines, poor drugs and emerging drug resistance [10]. Therefore, it is
of great priority to gain a better understanding of Trypanosoma biology. Research in T.
brucei has been focused on both therapeutic developments and gaining a better overall
understanding of their cell biology as a unique perspective of evolutionary divergence from
other eukaryotic species.

Figure 1-1: Human African
Trypanosomiasis Endemicity.
Number of cases reported in 2008 to
the World Health Organization.
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1.2

T. brucei Life Cycle
Trypanosomes represent an excellent system for studying many aspects of cell

biology, including cell structure, morphology, division, protein trafficking, and metabolism.
T. brucei have a complex life cycle involving stage-specific changes to biological processes
in order to adapt to either the mammalian bloodstream or to different compartments within
the insect vector. These differentiation events require stage-specific changes to basic
cellular processes and reflect responses to environmental stimuli and programmed
differentiation events that must occur within a single cell [11]. Because these parasities are
frequently transmitted between mammalian hosts by insect vectors, a single organism must
show both adaptability and the capacity for rigorously programmed differentiation in order
to survive the drastic changes in nutrient availability and the immune response of the
mammalian host. This results in the necessity for a single organism to undergo various life
cycle stages. (Figure 1-2) T. brucei are often used as a good model for kinetoplastid studies
because both forms (PCF and BSF) can be cultured in vitro. Other benefits include a large
array of available genetic tools, reagents, and antibodies.
Transmission of the infective stage to the mammalian host occurs during a bite from
the tsetse fly (Glossina, spp), in which the trypanosome migrates to the salivary glands
from the midgut after a bloodmeal. Blood clotting is prevented by factors in the saliva of
the insect [12] allowing the infective metacyclic form to enter the bloodstream and
differentiate into the long slender bloodstream form (BSF). While in the bloodstream, the
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Figure 1-2: The life cycle of Trypanosoma brucei. Trypanosomes proliferate in the bloodstream
of mammalian hosts as morphologically slender forms. As parasite numbers increase in the
bloodstream, differentiation to morphologically stumpy forms occurs. These are division-arrested
forms pre- adapted for transmission to tsetse flies. Upon uptake in a tsetse bloodmeal, procyclic
forms are generated and migrate to the tsetse salivary gland, where they attach as epimastigote
forms. These are proliferative and attached through elaboration of their flagellum. Eventually,
these generate non-proliferative metacyclic forms for transmission to a new mammalian host.
Arrowheads represent differentiation events in the trypanosome life cycle. (Image from: K.R.
Matthews, The developmental cell biology of Trypanosoma brucei, J. Cell Sci. 118 (2005) 283–
290. doi:10.1242/jcs.01649.)
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parasite evades the immune response of the host through antigenic variation. This involves
the sequential expression of antigenically distinct variable surface glycoproteins (VSGs),
which are linked to the surface membrane by a glycosylphosphatidylinositol (GPI) anchor
[13,14]. This variation contains over 1000 VSG genes that the parasite switches
periodically in order to avoid death by the adaptive host immune response [15].
As the parasite proliferates and reaches higher densities in the blood, a portion of
the cells differentiate into non-proliferative stumpy forms which are pre-adapted to survive
within the insect vector [16,17]. This serves two purposes. First, the accumulation of
division-arrested forms limits the increase in parasite numbers and thereby prolongs host
survival (and hence the probability of disease transmission). Second, the uniform arrest of
stumpy forms in G1 phase of the cell cycle ensures that the morphological changes that
occur upon transmission to the tsetse fly can be coordinated with re-entry into the cell cycle
[11]. Furthermore, stumpy forms have a more active mitochondrion to prepare them for the
low glucose environment that they will soon encounter in the fly [18].
Upon uptake into the tsetse fly, the parasites differentiate into the procyclic form
(PCF) and travel to the insect midgut where they rapidly grow and divide. Energy
generation also switches from being exclusively based on glycolysis to a mitochondrionbased respiratory system, which exhibit components required for a functional Krebs cycle
and electron transport chain. This shift in metabolic pathways permits PCFs to metabolize
amino acids, rather than solely glucose, for ATP production [19]. The parasites then travel
and attach to the salivary glands and differentiate into proliferative epimastigote forms [20].
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After further multiplication, the parasite undergoes division arrest, re-acquires a VSG coat
and is released into the salivary gland lumen in preparation for inoculation into a new
mammalian host and completing the cycle [21].

1.3

T. brucei Cell Biology
Trypanosomes are microscopic unicellular parasitic protozoa of the class

Kinetoplastida. The cell contains a highly polarized microtubule cytoskeleton that defines
their elongated shape (Figure 1-3) [22]. Positioned precisely within the cytoskeletal corset
between the posterior end and the center of the cell are the single-copy organelles of the
trypanosome cell (i.e. the flagellar pocket, flagellum, mitochondrion, kinetoplast and
nucleus). Near the posterior end of the cell is the mouth of the flagellar pocket which
contains the exit point for the flagellum from the basal body and the only site for endo and
exocytosis [23]. This is important in bloodstream forms, in which the surface membrane is
densely packed with VSG to protect against host immune recognition [24]. The motility of
the trypanosome is dependent upon its single flagellum, which has a conventional
axonemal structure plus an associated paraflagellar rod [25]. Additionally, the flagellum is
used to attach to the tsetse fly salivary gland prior to transmission, and for a wide array of
other cellular functions including proper cell division [26].
All Kinetoplastida harbor a single elongated mitochondrion that extends from the
posterior to the anterior of the cell. In T. brucei, the development and function of this
organelle differs greatly depending on the life cycle stage [27]. In BSF, the mitochondrion
is a simple tubular structure without cristae, reflecting the absence of mitochondrial
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Figure 1-3: Trypanosome cell structure. A simplified representation of the location of the
major structural features of the trypanosome cell. (Image from: K.R. Matthews, The
developmental cell biology of Trypanosoma brucei, J. Cell Sci. 118 (2005) 283–290.
doi:10.1242/jcs.01649.)

respiration. ATP generation in BSF is solely dependent on glycolytic reactions
compartmentalized within specialized organelles termed glycosomes [10]. In contrast, PCF
cells in the insect vector are adapted to survival in environments of much lower glucose,
having a highly active mitochondrion including components of the Krebs cycle and the
electron transport chain to facilitate ATP production [28].
The mitochondrion also harbors the kinetoplast, an organelle containing
mitochondrial DNA (kDNA) arranged as a network of concatenated circles [29]. The
position of the kinetoplast changes as the cell moves through the various life cycle stages.
In BSF parasites, the kinetoplast is close to the posterior end of the cell whereas the
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kinetoplast is located midway between the cell nucleus and posterior end in PCF parasites
[11]. The reasons for these shape changes during the life cycle are unknown, although they
are clearly required to establish the cell architecture necessary for cell division of each life
cycle stage. T. brucei’s single mitochondrial genome replicates in coordination with the
nucleus and is comprised of two classes of circular DNA: maxicircles and minicircles [30].
The maxicircles (~50 copies/kinetoplast) contain the genes that encode mitochondrial
proteins, whereas the minicircles (~10,000 copies/kinetoplast) encode short guide RNAs.
These act as templates through which maxicircle transcripts are post-transcriptionally
edited by the incorporation or deletion of uredines [31].

1.3.1 Glycosome and Glycolysis
T.brucei have evolved extensive specializations after diverging from other
eukaryotic lineages, and is reflected by numerous unusual features at the genetic,
biochemical and cytological level. Of particular importance are the glycosomes, the
organelle equivalent to eukaryotic peroxisomes, and is the site of glycolysis [32]. These
organelles were first discovered by Opperdoes and Borst when they identified a
peroxisome-like structure containing glycolytic enzymes in BSF parasites [33]. Similar to
peroxisomes in other organisms, glycosomes are bound by a single phospholipid bilayer
and have a dense protein matrix. Early studies revealed that the contents found in
glycosomes were similar to those of peroxisomes in other organisms [34].
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Glycosomes, the cytosol, and the mitochondrion cooperate in the energy
metabolism of trypanosomatids. In the BSF, the parasite’s environment in the bloodstream
and cerebral spinal fluid contains a constant and plentiful supply of glucose. All ATP is
generated through glycolysis and the major proteins in the glycosome are glycolytic
enzymes [35]. However, in the insect PCF the amount of available glucose in the
environment is much lower. Tsetse flies feed every few days on blood, their only food.
Glucose in the digesting bloodmeal is rapidly metabolized, leaving amino acids as the
primary nutrients for the gut-dwelling parasites. While the number of glycosomes within a
cell remain numerous, specific glycolytic enzymes are induced or decreased in abundance
(~90% in BSF and only 40-50% in PCF) [36]. In PCF life stage, this shifts the reliance for
ATP generation exclusively from glycolysis, as is the case for the BSF, to amino acids as
well.
In either case, both cell stages uniquely compartmentalize the glycolysis process in
their glycosomes (Figure 1-4). This compartmentalization is used to regulate T. brucei
hexokinase (HK) and phosphofructokinase (PFK). In other organisms HKs and PFKs are
tightly regulated by their products or other metabolites to prevent accumulation of
glycolytic intermediates, which can be lethal to the cell [37]. However, in T. brucei, these
enzymes are not inhibited by their products [38] and requires the glycosome for survival.
This organelle not only prevents the buildup of toxic intermediates, but allows for strict
control of dynamic parameters, such as pH and glucose concentration, to optimize
metabolic efficiency in response to extra-cellular environmental stress.
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Figure 1-4: Glycolysis in Trypanosoma brucei. Glycolysis requires cooperation of three cellular
compartments: the glycosome, the cytosol and the mitochondrion. The arrows show the
predominant flow of metabolites of glucose. (Image from: Moyersoen, J., Choe, J., Fan, E., Hol,
W.G.J. & Michels, P.A.M. Biogenesis of peroxisomes and glycosomes: trypanosomatid
glycosome assembly is a promising new drug target. FEMS Microbiology Reviews 28, 603-643
(2004).)

During glycolysis, glucose is imported into the parasite using stage-specific
transporters and then into the glycosomes via an unknown mechanism. The enzymes from
HK to phosphoglycerate kinase (or glyceraldehyde-3-phosphate dehydrogenase in the case
of T. brucei procyclic forms) are present in glycosomes. Within the glycosome, no net
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synthesis ATP is generated as a result of glycolysis. Instead, ATP is generated in the
cytosol,

when

pyruvate

kinase

transfers

the

high

energy

phosphate

from

phosphoenolpyruvate to ADP. NAD+ is regenerated in the mitochondrial glycerol
phosphate oxidase complex which is reoxidized and returned to the glycosome for further
cycling. Without such a cycle, glycerol-3-phosphate could not be diverted to
glyceraldehyde-3-phosphate, sacrificing half of the net ATP synthesis per glucose.
Unlike BSF, PCF life stages do not live in a glucose rich environment and instead
may rely on proline and threonine as the main carbon source in the insect midgut. In vitro
studies reveal that in glucose depleted media, PCF parasites increase the rate (up to 6-fold)
of proline consumption in the mitochondria for ATP production However, the cells still
prefer glucose as their main carbon source when available [39]. Because glycolysis is not
essential in PCF parasites (cells grown in glucose deplete media do not exhibit inhibited
growth rates or viability) compartmentalization of glycolytic enzymes is dispensable when
grown under the absence of glucose [40]. Unlike BSF glycosomes which house mostly
glycolytic enzymes, glycosomes in PF parasites contain enzymes important in other
metabolic pathways including the pentosephosphate pathway, purine salvage, β oxidation
of fatty acids and biosynthetic pathways for pyrimidines, ether-lipids and squalenes [36].
Glycolysis in kinetoplastids has been perceived as a potentially excellent target for
drug design [41]. BSF T. brucei are entirely dependent on glycolysis for ATP supply when
living in the mammalian bloodstream and die within several minutes of glucose starvation
or in the presence of glucose transporter (GLUT) inhibition [42]. Additionally, the
glycosome itself is vital to T. brucei survival. Computer analysis supports the notion that
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the compartmentation of glycolysis serves a regulatory function that compensates for the
lack of regulation of its enzymes; presence of these glycolytic enzymes within the cytosol
have been observed to be detrimental to the cell [43]. Unsurprisingly, the early divergence
of kinetoplastids from others in the eukaryotic lineage have resulted in differences that can
be used as therapeutic targets without severely disrupting host processes. For example, T.
brucei GLUT transporters have a slightly different structure and a much higher binding
affinity to glucose than the mammalian equivalent [44]. BSF T. brucei have also been
found to be more susceptible to GLUT inhibitors than mammalian cells [42] and the
peroxins involved in glycosome biogenesis have sequences differing from their
peroxisome counterparts that can be specifically targeted [45]. Despite this, drugs that can
disrupt the glycolysis process without damaging the host’s have not been found, mainly
due to a lack of analytical tools for studying live cellular responses to environmental and
therapeutic conditions. In order to improve our understanding of kinetoplastid biology and
to promote the development of potential therapeutics, it is necessary for researchers to have
access to advanced analytical techniques.

1.4

Fluorescent Imaging in T. brucei
The availability of well-defined markers for subcellular compartments in

trypanosomes has been much improved over the last few years, due in part to genome
sequencing, but probably more importantly from maturation of the field and the emergence
of a true trypanosomatid molecular cell biology. This has allowed researchers to
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characterize subcellular compartments through the use of trypanosome-specific molecular
markers for immunofluorescence assays. Additionally, commercial stains commonly used
with other eukaryotic species (e.g. MitoTracker, BCECF and Bodipy-Ceramide) have been
successfully exploited in the trypanosome system. A non-exhaustive list of antibodies and
stains are summarized in figure 1-4. Among the more commonly studied subcellular
compartments are the lysosome (lysotracker), mitochondria (mitotracker), and endosomes
(FITC-Concanavalin A).

Figure 1-5: Molecular Markers for Subcellular Compartments and Structures of Interest in
Trypanosoma brucei. (Image from: M.C. Field, C.L. Allen, V. Dhir, D. Goulding, B.S. Hall, G.W.
Morgan, et al., New approaches to the microscopic imaging of Trypanosoma brucei, Microsc.
Microanal. Off. J. Microsc. Soc. Am. Microbeam Anal. Soc. Microsc. Soc. Canada. 10 (2004)
621–636.
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Lysotracker dyes (Molecular Probes) are cell permeant acidotropic fluorphores that
accumulate specifically in acidic organelles. T. brucei can be incubated for several hours
in the presence of Lysotracker Red, allowing a high level of accumulation and visualization
of lysosomes in live cells. Lysotracker has been used to follow the disruption of the
lysosome induced by TNF-α in T. brucei BSF [46].
MitoTracker was first applied to trypanosome studies by Vassella et al [47].
Specific stains for the mitochondrion rely on the difference in pH gradient for targeting,
but once fixed, this gradient will normally collapse, leading to diffusion of the stain.
MitoTracker probes (Molecular Probes) are, however, retained by the mitochondrion
following both fixation and permeabilization. MitoTracker probes are cell-permeant
mitochondrion-selective dyes and contain a thiol-reactive chloromethyl moiety, which
appears to be responsible for maintaining association with the mitochondria after fixation.
The lectin Concanavalin A (ConA) binds to exposed oligosaccharides in the
flagellar pocket of T. brucei BSFs [48]. Transport of membrane-bound ConA can be
blocked at various endosomal compartments by incubation of the cells under different
temperatures; at 12°C ConA is transported to the early endosome (collecting tubules) and
at 37°C, transport of ConA continues to the lysosome [49]. By tethering a fluorophore such
as fluorescein isothiocyanate (FITC), ConA uptake through the endosomal pathway can be
monitored.
Several other trypanosomal compartments have been imaged by adapting
commercial eukaryotic methods. Acridine orange (sigma) has been adapted for monitoring
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acidocalcisomes [50], Bodipy-Texas Red ceramide (molecular probes) has been adapted
for monitoring the golgi complex [51], and electron microscopy has been used to image
the trypanosome microtubule cytoskeleton [52].

Figure 1-6: Fluorescent protein expression in Trypanosoma brucei glycosomes. Constitutively
expressed GFP (left) and mCherry (right) fused to PTS and targeted to glycosomes in PF T. brucei.

While dye-based molecular markers have a wide range of versatility, there are
several disadvantages - including high expense, time and labor which limits high
throughput analysis. Furthermore, cell preparation methods often requiring cell fixation
and permeabilization which makes it impossible to examining live cells. To help overcome
these limitations, many common constitutively expressed fluorescent-reporter systems (e.g.
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yellow fluorescent protein (YFP), green fluorescent protein (GFP) and mCherry) have been
developed for the trypanosome models.
Lewis et al. utilized a tetracycline (TET)-inducible GFP expression system to study
genetic exchange and the production of T. brucei hybrids of PCF in the inset vector. Using
this system, fluorescent hybrids were visible in the salivary glands of the fly, but not the
midgut, confirming that genetic exchange occurs among the trypanosome life cycle stages
present in (or possibly en route to) the salivary glands [53].
Specific trypanosome organelles have also been targeted for fluorescent protein
expression. Bauer et al. developed a fluorescent-glycosome reporter system in which YFP
or mCherry is fused to a peroxisome targeting sequence, which directs the fusion protein
to glycosomes (Figure 1-6) [54]. Individual glycosomes or large cell populations can be
monitored through fluorescent microscopy or flow cytometry in real-time without
extensive sample preparation such as fixation and mounting. This method offers a rapid
way of detecting changes in organelle composition in response to fluctuating
environmental conditions.

1.4.1 Advanced Quantitative Fluorescent Methods
A large problem with live-cell imaging of trypanosomes is that the cells have highly
motile flagella, and for most types of imaging, they need to be firmly immobilized without
compromising viability. Recent advances in cell immobilization methods have allowed
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researchers to perform advanced imaging techniques in live cells. The most commonly
used immobilization reagent for trypanosomes is CyGEL – a thermoreversible gel that is
liquid when ice-cold but forms a solid matrix upon warming to 15°C and above. CyGEL
can also act as a controlled delivery system for a range of fluorescent probes to PCF T.
brucei. These include the intercalating agent propidium iodide to evaluate cell viability and
subcellular markers Lysotracker, Mitotracker and FM4-64 [55].
PCF T. brucei maintained a high level of cell viability (>95%) following a 2-h
incubation in CyGEL. BSF cells, however, resulted in 90% death within 1 hour of
incubation in CyGEL [55], likely because motility is essential for viability in BSF T. brucei
[56]. Due to the viscosity of CyGEL, buffer perfusion is restricted, preventing analysis of
cell responses to dynamic external environments. However, this technique does allow
reproducible live cell imaging in PCF T. brucei, thereby facilitating real-time capture of
fundamental eukaryotic cellular processes at the individual cell level.
Using CyGEL immobilization, researchers gained access to a variety of advanced
quantitative fluorescent imaging techniques in trypanosome models. For example,
fluorescence recovery after photobleaching (FRAP) analysis was utilized in the related
kinetoplastid Leishmania to study the export pathway of hydrophilic acylated surface
protein B (HASPB), a protein essential for metacyclogenesis in the insect vector and a
promising vaccine candidate [57]. To address the mechanism involved, FRAP was used to
investigate lateral diffusion of a reporter fusion protein HASPB18-GFP that is detected on
the parasite body, plasma membrane, flagellar pocket and flagellum. Small regions of
interest (ROI) within the plasma membrane were photobleached, and the rate of mobility
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and percentage recovery were used as an indication of the speed of movement and the
percentage of mobile vs. immobile molecules [58]. Additionally, fluorescence loss induced
by photobleaching (FLIP) was used to analyze the movement direction of HASPB18-GFP;
FRAP of a small region of interest (ROI) at the cell body plasma membrane showed
recovery at 6.4 ± 4.8 s, and corresponding FLIPs detected on both sides of the ROI
illustrated that HASPB18-GFP can undergo bidirectional movement within the inner
leaflet of the membrane [58].
Wang et al. recently used FRET analysis to study RNA-protein interactions during
ribosome biogenesis in T. brucei. The domains of two proteins responsible for proteinRNA interactions within the ribsosomal complex were labeled with CFP and YFP FRET
pairs, allowing researchers to study the binding kinetics and conformational changes in
RNA and proteins during the trypanosome life cycle [59]. Studies utilizing FRET
techniques have investigated other trypanosomal protein interactions, such as arginine
kinase, a validated target for drug development against HAT. The study investigated the
interaction between a recombinant form of the arginine kinase (rTbAK) of trypanosome
and gallotannin using FRET analysis. The researchers were able to show that the
interaction between gallotannin and recombinant arginine kinase of Trypanosoma brucei
caused significant decrease of enzyme activity through inhibition [60]. Knowledge of such
binding properties could lead to potential development of selective inhibitors of essential
enzymes in trypanosomes.
While the field of trypanosomal imaging has greatly advanced over the last decade,
there is still much to improve in order to match the versatility of imaging techniques in
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other model organisms. Because of this, a major goal of my work is to adapt and validate
advanced fluorescent-based techniques for subcellular analysis in live trypanosomes.

1.4.2 Imaging Instrumentation
Instrumentation considerations are very important when quantification is the
ultimate goal. The two major forms of fluorescence microscope are confocal or wide field.
For imaging in T. brucei, wide field is more suitable than conventional raster scanning
confocal setups. Trypanosome cells are less than 20 µm x 5 µm – relatively thin and
translucent compared to other cells and is more suitable to be imaged in wide field. Wide
field microscopes also have an up to 1000-fold better signal-to-noise ratio and do not rely
on a few laser lines for fluorescence excitation. Especially for imaging of live
trypanosomes, it is desirable to adjust the light energy for maximum fluorescence intensity
and minimum photo damage of the cells, a difficult task for a confocal setup but easily
achieved with wide field. The speed of image acquisition of wide-field systems is only
limited by the performance of the charge coupled device (CCD) camera. High-end cameras
allow much faster image acquisition than any serial or line scanner of a confocal
microscope. Thus, for live cell analysis, or for low abundance antigens, a wide-field
microscope, equipped with a very fast, high-resolution, cooled CCD camera, and robust,
real three-dimensional deconvolution software produces superior results [3].
A standard high-quality epifluorescence microscope with DIC, high magnification
(60 – 100x), and a fast CCD camera is a good choice for quality results. Trypanosomes are
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suspension cells with very high motility. Because of this, for ratiometric or FRET studies
of live cells in which emission signals from the same fluorophore or fluorophore pairs are
required to overlap, a fast wavelength excitation switcher is required.
Multiphoton microscopy is also particularly useful for trypanosome live cell
imaging as the longer wavelength and low-energy excitation lasers are less harmful. In 2photon mode, only the fluorophores at the focal point of the excitation beam are excited,
negating the requirement for a pinhole and improving the efficiency of excitation/emission
power. Furthermore, there is a reduced light scattering and adsorption of excitation light in
the near infrared spectrum which improves imaging at depth in complex cultures [61].
Previous studies have utilized mulitphoton microscopy and transgenic fluorescent T. brucei
with in vitro models of the blood brain barrier to investigate trypanosome invasion in the
central nervous system [62].
While conventional confocal laser scanning microscopes may not be optimum for
live cell imaging of trypanosomes, spinning disk (nipkow disk) confocal microscopy is an
exception. This technique use a series of moving pinholes on a disc to scan a spot of light.
Since a series of pinholes scans an area in parallel, each pinhole is allowed to hover over a
specific area for a longer amount of time thereby reducing the excitation energy and
exposure time needed to illuminate a sample when compared to laser scanning microscopes.
Decreased excitation energy reduces photo-toxicity and photo-bleaching of a sample often
making it the preferred confocal system for imaging live cells or organisms.
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As mentioned previously, deconvolution software can assist in quality image
acquisition from wide field or confocal microscopy. Because the optics of the microscope
alter the appearance of the imaged specimen, images acquired in microscopy is
nonequivalent to the real object, and in biological microscopy this basic aspect of physics
can be a major difficulty. The real object is folded, or more formally “convolved,” resulting
in a blurred image. All factors that contribute to the convolution of a microscopic system
are summarized by the point spread function (PSF). If the PSF is known it is possible to
reverse the convolution, that is, deconvolution and unfold the imaged object by
mathematical algorithms that utilize a calculated or measured PSF. Ideally, the result is a
deblurred image with a true increase in axial and lateral resolution [63]. For small objects,
such as trypanosomatids, the resolution issue is particularly critical, and hence any method
that can improve image quality is a major advantage. When digital deconvolution is done
in an expert way, the results can provide new insights into the subcellular architecture and,
more importantly, will yield data that reliably can be used for quantitative and qualitative
description of the sample.
While there are a variety of instruments capable of producing quantifiable results,
it is important to be aware of the specific demanding requirements inherent in T. brucei
imaging that may not be relevant in other cells. For our imaging acquisition, we utilized a
light source with a fast excitation switcher (DG-4) in order to perform colocalization
analysis on the highly motile cells. Because of the requirement for high magnification and
low exposure time, it is also necessary to maximize the available light. Therefore, we
imaged under wide-field microscopy with an EM-CCD camera instead of conventional
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CCD to maintain good signal/noise. EM CCDs can provide 10-100 fold increase in signal
amplification without sacrificing spatial resolution. This also allows for faster image
acquisition which will minimize any pixel-to-pixel shift in sequential ratio measurements
of moving cells.

1.5
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CHAPTER TWO
Peptide Targeted Delivery of pH Sensor for Quantitative
Measurements of Intraglycosomal pH in Live Trypanosoma
brucei
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2.1

ABSTRACT
Studies of dynamic changes in protozoan parasite Trypanosoma brucei organelles

have been limited, in part because of the difficulty of targeting analytical probes to specific
subcellular compartments. Here we demonstrate application of a ratiometric probe for pH
quantification in T. brucei glycosomes. The probe consists of a peptide encoding the
peroxisomal targeting sequence (F-PTS1, acetyl-CKGGAKL) coupled to fluorescein,
which responds to pH. When incubated with living parasites, the probe is internalized
within vesicular structures that co-localize with a glycosomal marker. Inhibition of uptake
of F-PTS1 at 4°C and pulse-chase co-localization with fluorescent dextran suggested that
the probe is initially taken up by non-receptor-mediated endocytosis, but is subsequently
trafficked separately from dextran and localized within glycosomes, prior to final fusion of
labeled glycosomes and lysosomes as part of glycosomal turnover. Intra-organellar
measurements and pH calibration with F-PTS1 in T. brucei glycosomes indicate that the
resting glycosomal pH under physiological conditions is 7.4 ± 0.2. However, incubation
in glucose-depleted buffer triggered mild acidification of the glycosome over a period of
20 min, with a final observed pH of 6.8 ± 0.3. This glycosomal acidification was reversed
by reintroduction of glucose. Coupling of ratiometric fluorescent sensors and reporters to
PTS peptides offers an invaluable tool for monitoring in situ glycosomal response(s) to
changing environmental conditions and could be applied to additional Kinetoplastid
parasites.
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2.2

Introduction
Members of the group Kinetoplastida include the important disease-causing

trypanosomatids Trypanosoma cruzi, Leishmania spp., and T. brucei. These unicellular
eukaryotic parasites are estimated to infect over 30 million people a year [1] with a total of
350 million more at risk for infection worldwide [2]. The current drugs used to treat these
infections are often toxic to the host and can be ineffective against certain subspecies or
resistant strains of parasite [3]. In order to develop more effective therapeutic treatments,
a better understanding of trypanosomatid biology is necessary.
Of particular interest are glycosomes, an organelle that is evolutionarily-related to
mammalian peroxisomes, which serve to compartmentalize most of the glycolysis pathway
for kinetoplastids. Since proper function of glycosomes is essential for cell survival, it is
suggested that they may be an excellent target for drug design [4,5]. One function of the
glycosome is to regulate resident enzymes. We have demonstrated that glycosomal
enzymes involved in glycolysis, including the essential enzyme hexokinase, are regulated
by pH change within the organelle in response to environmental changes such as nutrient
starvation [6]. In addition, enzymes responsible for other peroxisomal functions in the
glycosome, such as β-oxidation of fatty acids, purine and polyamine catabolism, and amino
acid metabolism, are also pH dependent [7].

However, despite the importance of

glycosomes for kinetoplast survival and the functional dependence of glycosomal enzymes
on solution conditions, relatively little is known about the ionic composition of the
glycosomal lumen. Quantitative measurements of the intra-lumenal environment are
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required for delineation of glycosome control and function, and are therefore required as a
necessary step for design of therapeutics that target glycosomes.
We have devised a strategy to measure the pH of glycosomes by directing a pHsensitive fluorescent probe with a specific peptide sequence to the glycosomal lumen.
Cargo destined for delivery to the glycosome typically harbors a peroxisomal targeting
sequence (PTS). The PTS type 1 (PTS1) is a C-terminal tripeptide that has been used to
traffic proteins and other large cargo to the peroxisomal interior in yeast, plants, insects,
and mammalian cells. [8–12] PTS sequences have also been fused to fluorescent reporter
genes that can be delivered to Trypanosomatid glycosomes [6,13,14]. By coupling PTS1
to fluorescein, a pH-reporter dye, we have been able to directly measure the glycosomal
pH using fluorescence. The result is the first quantitative measurement of glycosomal pH
in situ.
Because glycosomes can be fragile structures that lose their integrity upon isolation
[15], the in vivo analysis method presented here serves as an invaluable research tool.
Quantification of glycosomal pH in situ and its response to environmental conditions offers
important insight into the biochemical properties of the trypanosome metabolic pathway,
which can facilitate the development of more effective therapeutics. While the strategy
used here is applied to monitor pH response under conditions of nutrient depletion, peptidetargeted delivery of fluorescent probes can be adapted to study the effects of other
developmental and environmental conditions on intracellular solution conditions in T.
brucei as well as other trypanosomatid and kinetoplastid species.
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2.3

Materials and Methods

2.3.1 Reagents
Texas red dextran (TR-Dex; 10000 MW) and fluorescein dextran (F-Dex; 10000
MW) were obtained from Invitrogen. Fluorescein-tagged peroxisomal transport sequence
(F-PTS1, acetyl-C{K(FITC)}GGAKL; 1107.29 MW) was synthesized by Genscript.
Scrambled peptide control (L-acetyl-C{K(FITC)}KGGA; 1107.29 MW) was synthesized
by selleckchem. Immunofluorescence of the glycosome-resident protein hexokinase was
performed using the primary antibody αTbHK (1:500) obtained from Dr. Paul Michels
(Université catholique de Louvain, Brussels, Belgium) and Texas red-conjugated goat antirabbit secondary (1:100) obtained from Rockland Immunochemicals.

2.3.2 Cell Culture and Probe Uptake
T. brucei brucei procyclic form (PCF) 29-13 parasites were grown in SDM-79 and
kept at densities between 5 x 105 cells/ml and 5 x 107 cells/ml in 28.5°C, 5% CO2 [16,17].
For uptake studies, cells were incubated in Voorheis’s modified PBS (mPBS; 137 mM
NaCl, 3 mM KCl, 16 mM Na2HPO4, 3 mM KH2PO4, 46 mM sucrose, 10 mM glucose, pH
7.6) [18] with fluorescent probes (at a final concentration of 90 µM (F-PTS1, scrambled
peptide, F-Dex) or 50 µM (TR-Dex)) at 28.5 °C and 5% CO2 for 1 hr.
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2.3.3 Flow Cytometry
Cells analyzed by flow cytometry were washed with mPBS three times and then
analyzed by cytometry on an Accuri C6 Flow Cytometer. For each sample, 10000 cells
were measured and analyzed with CFlow Plus software (Accuri).

2.3.4 Microscopy
All fluorescent images were acquired on an inverted epifluorescence microscope
(Olympus IX71). Differential interference contrast (DIC) was used for transmitted light
imaging. The microscope was equipped with both excitation and emission filter wheels
(Sutter Instruments). A Sedat filter set consisting of a beam splitter, single band excitation
filters [387 nm (11 nm band-pass), 494 nm (20 nm band-pass), 575 nm (25 nm band-pass)]
and single band emission filters [447 nm (60 nm band-pass), 531 nm (22 nm band-pass),
624 nm (40 nm band-pass] were used for general imaging. For ratiometric imaging of
fluorescein, single band excitation filters [440 nm (20 nm band-pass), 495 nm (10 nm bandpass)] and single band emission filters [535 nm (25 nm band-pass)] were used. An OrcaER CCD (Hamamatsu) was used for image acquisition and control of all microscope
components and all image processing was performed using Slidebook 5.0 (Intelligent
Imaging Innovations). Fluorescent background signals were determined by average
intensities of cell free regions and subtracted from each image.
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Cells used for immunofluorescence (IF) were incubated with 10 mg/ml (0.9 mM)
F-PTS1 and washed three times with mPBS. Labeled parasites were then introduced into a
perfusion chamber (Harvard Apparatus, Cambridge, MA) and fixed with 4%
paraformaldehyde and mPBS (RT, 1 hr). Cells were then washed with mPBS, and
permeabilized with 0.1% Triton X-100 in PBS (137 mM NaCl, 3 mM KCl, 16 mM
Na2HPO4, 3 mM KH2PO4) for 10 min. After washing with PBS, blocking buffer (1% BSA
and 0.25% Tween in PBS) was added (RT, 1 hr), followed by addition of αTbHK (1:500)
in blocking buffer for 1 hr. Primary antibodies were detected with Texas Red-conjugated
goat anti-rabbit (1:100) and images were acquired. All washes were performed with 20-30
chamber volumes at a rate of 50 μl/s.

2.3.5 Lysosomal colocalization
Qualitative localization analysis of F-PTS1 and TR-Dex was done by overnight
incubation (28.5 °C, 5% CO2) of PCF T. brucei (1 x 107 cell/ml) with TR-Dex (50 μg/ml)
in growth media (SDM-79). Cells were washed three times in mPBS and then incubated
with F-PTS1. Cells were then mounted to glass slides and images were acquired using 494
nm and 575 nm excitation.
Quantitative localization analysis of co-incubated TR-Dex and F-PTS1 was
performed by pulsing cells with both probes in mPBS (50 µM and 90 µM respectively) for
1 hr, followed by an extended chase with mPBS in the absence of probe. Cells were imaged
using 575 nm and 494 nm excitation at time points over the 320 min chase. Percent
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colocalization was calculated by creating a segment mask for both emission wavelengths
to mark labeled vesicles as mask objects. The lower range of the segment mask was
determined by the average emission intensities from autofluorescence of untreated cells.
The number of objects that contained an overlap of both 575 nm (TR-Dex) and 494 nm (FPTS1) represents regions of colocalization. This overlap number was divided by the total
number of objects defined in the 494 nm region, to get the percent of cellular compartments
labeled with F-PTS1 that also colocalize with lysosomal compartments (% Coloc𝑃𝑇𝑆,𝐿𝑦𝑠 ).
This relationship can be expressed as:

% Coloc𝑃𝑇𝑆,𝐿𝑦𝑠 =

|M494 ∩ M575 |
x 100
|M494 |

where M494 and M575 are the set of objects defined by a segment mask at 494 nm and 575
nm emission, respectively. Defined objects were limited to regions containing higher
average intensity than autofluorescence from untreated cells and a size expected for cellular
vesicles (between 0.1 μm2 and 10 μm2). Note that since labeled PTS1 and dextran enter the
cells through similar mechanisms, and that a small fraction of the peptide is either
immediately trafficked to lysosomes or later sent for degradation, it is observed that
vesicles that contain both TR-Dex and F-PTS1 objects will be a subset of vesicles
containing TR-Dex:
(M494 ∩ M575 ) = M575 ⊆ M494
Statistical analysis of % colocalization at each time point was performed with a
sample size of 30-60 cells to calculate 95% confidence intervals, based on a normal
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distribution. Each time point is a representation of several fields taken within 1 min and
binned together for analysis.

2.3.6 Intracellular Calibration
Since fluorescein intensity at 495 nm is sensitive to solution pH while the signal at
440 nm is pH-independent,the intracellular 495/440 excitation ratio can be used to monitor
intracellular pH, after appropriate probe calibration. Cells used for intracellular pH
calibration were first pulsed with F-PTS1 in mPBS and then mounted into a microscope
perfusion chamber. The incubation buffer containing F-PTS1 was then replaced with pH
calibration buffer (CB, 130 mM KCl, 1 mM MgCl2, 15 mM HEPES, 15 mM MES, 0.5
mg/ml digitonin), followed by a twenty minute equilibration, and subsequent collection of
fluorescent images at 495 nm and 440 nm emission. Data was sequentially obtained in CB
at pH 4-7, with buffer exchange through the perfusion chamber and 20 minute incubation
for CB at each pH prior to image collection. Correlation of 495/440 excitation ratio with
solution pH was then used to calibrate ratiometric fluorescein response with intracellular
pH. Statistical analysis of the emission ratios at each pH was performed with a sample size
of 30-60 cells to calculate 95% confidence intervals based on a normal distribution. To
verify normal distribution, data obtained were compared to the expected values for a
normal distribution by chi-squared analysis with > 95% confidence. Each measurement
point is a representation of several fields taken within 1 min and binned together.
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2.3.7 Glucose Deprivation Response
Comparison of glycosomal and lysosomal pH under normal and glucose deprived
growth conditions were performed by pulsing cells with either F-PTS1 or F-Dex in normal
mPBS (containing 10 mM glucose) or glucose-free mPBS using the standard incubation
protocol. Cells were then mounted on glass slides and imaged at 495 nm and 440 nm. The
resulting excitation ratio was quantified by comparison with intracellular calibration.
Statistical significance between treatments with mPBS and glucose-free mPBS was
compared by a one-way analysis of variance (ANOVA).
Monitoring pH response to glucose deprivation in live PCF T. brucei was
performed by first pulsing the cells with F-PTS1 using the standard incubation protocol.
After uptake, cells were washed and placed in a microscope perfusion chamber with fresh
mPBS (10 mM glucose). Images were acquired at 495 nm and 440 nm over 15 min
followed by a buffer exchange to glucose-deprived mPBS (0 mM). Cells were imaged for
an additional 30 min followed by another buffer exchange to normal mPBS (10 mM) and
further monitoring. Since the peptide is ultimately delivered to the lysosome, fluorescent
compartments containing emission ratios consistent with lysosomal compartments
(490nm/440nm < 1.2; pH < 5.5) were excluded from analysis. Statistical analysis of pH for
each measurement was done with a sample size of 30-60 cells to calculate 95% confidence
intervals based on a normal distribution. Each measurement point is a representation of
several fields taken within 1 min and binned together.
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2.4

Results
We have previously observed qualitative pH changes inside the glycosomes of T.

brucei deprived of glucose and proline [6]. With the goal of quantifying those pH changes,
we targeted the ratiometric pH sensitive dye fluorescein to the glycosomes using the
tripeptide sequence PTS1. Specifically, a fluorescein tagged peroxisome targeting
sequence (F-PTS1, acetyl-C{K(FITC)}GGAKL) was used, similar to what has been
previously applied for peroxisome localization in mammalian cells [19]. Additional
modifications included incorporation of two glycine residues to serve as a spacer between
the PTS1 sequence and the lysine residue used as the coupling site for the fluorescein
moiety. Here we examine the cellular uptake of F-PTS1 and its ability to report pH changes
in T. brucei glycosomes.

2.4.1 Loading of Procyclic Form (PCF) T. brucei with F-PTS1
To determine whether the F-PTS1 probe could be adapted as an analytical tool to
visualize and quantify intracellular processes in T. brucei, we first performed experiments
to examine the uptake response in live cells. Because fetal bovine serum in growth medium
binds to the peptide and interferes with cellular uptake [11], incubations were performed
in mPBS. Varying incubation conditions and probe concentrations were explored (1 µM –
4.5 mM probe loading concentration; 10 min – 12 hours incubation time), with optimal
signal to background observed using 90 µM probe in a 60 min incubation. As shown in
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Figure

2-

Figure 2-1: F-PTS1 and F-Dextran
uptake in live PCF T. brucei. (A) DIC
and fluorescent images of F-PTS1 and
F-Dextran control. Scale bars are 10
μm. (B) Flow Cytometry analysis of FPTS1, F-Dextran, and untreated cells.
Incubations were performed with 90
µM of the respective fluorescent probe
in mPBS (60 min, 28.5 °C, 5% CO2).
Flow histograms represent fluorescent
signals from 10,000 live cells.

1A, incubation with F-PTS1 resulted in a punctate distribution throughout the cells. As a
control, incubations under the same conditions were also performed with F-Dex as a bulk
phase endocytic marker; dextran dye conjugates are known to be taken up by host cells via
fluid-phase endocytosis and accumulate in lysosomes [20]. Unlike the peptide, F-dex was
observed to be sequestered within a single punctate focus, consistent with lysosomal
dextran localization documented previously in the studies of T. brucei dextran uptake [20]

41

Flow cytometry was also used to measure the fluorescence per cell of F-Dex and
F-PTS1 (Fig. 2-1B). At 90 µM loading concentration, cells with F-PTS1 were
approximately 10 times brighter than F-Dex control and 50 times brighter than background.
This suggests that F-PTS1 is trafficked differently than dextran conjugates and is consistent
with expected F-PTS1 trafficking to glycosomes. Moreover, these data indicate that
trafficking of F-PTS1 results from the PTS1 sequence, not from any characteristics of
fluorescein. When cells were incubated with F-PTS1 at 4°C, no intracellular fluorescence
was observed, indicating that the peptide failed to cross the cellular membrane at low
temperature. Intracellular fluorescein fluorescence was absent in chilled cells even at
higher loading concentrtions (1-5 mM) and increased incubation times (up to 4 h). Since
endocytosis is inhibited at low temperatures [21], lack of uptake at low temperature implies
that cellular entry occurs by an active endocytic process. We also observed no labeling of
the cellular membrane under low temperature conditions, suggesting that direct binding of
the F-PTS1 to cell-surface receptors or specific surface proteins does not occur. Hence,
the endocytic process is not prompted to direct binding of F-PTS1 to extracellular
receptors.

2.4.2 Localization analysis of F-PTS1 with subcellular compartments
While the uptake pattern and fluorescence of F-PTS1 in T. brucei was distinct from
the F-Dex control, indicating that F-PTS1 is trafficked independently from F-Dex, further
experiments were necessary to determine the identity of the subcellular compartment(s)
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Figure 2-2. Localization of scrambled peptide with TR-Dex (top), F-PTS1 with TR-Dex
(middle) and TbHK1 (bottom) in PCF T. brucei. Cells were incubated with 90 µM scrambled
peptide or F-PTS1 in mPBS (60 min, 28.5 °C, 5% CO2). Analysis of colocalization with lysosomal
compartments were done with cells preloaded with 50 µM TR-Dex overnight in growth media.
Analysis of F-PTS1 colocalization with glycosomes were done through immuno-fluorescence with
αTbHK1 and Texas red conjugated secondary antibody following F-PTS1 incubation. Scale bars
are 5 µm

harboring the peptide probe. To follow F-PTS1 trafficking, and more specifically localize
the probe, co-localization experiments were performed with TR-Dex and F-PTS1. Parasites
were first loaded with TR-Dex overnight, to allow sufficient time for the dextran dye
conjugate to be taken up by host cells by fluid-phase endocytosis and to accumulate in
lysosomes [20]. These dextran-loaded cells were then subject to further incubation with FPTS1 for localization analysis (Fig. 2-2). Cells containing F-PTS1 and TR-Dex yielded a
single doubly-labeled focus reflecting the presence of both fluorescent probes, as well as
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many compartmentalized regions which only contained the labeled peptide. This result
suggested that, similar to TR-Dex, F-PTS1 is able to enter the cell through via endocytosis
and is then trafficked to the lysosomal compartment, along with TR-Dex. However, the
peptide apparently reached non-lysosomal compartments as well, either by escaping the
endosomal maturation pathway or by entering the cell through a second distinct
mechanism.
This observation is in contrast to control experiments performed with a scrambled
peptide sequence (L-acetyl-C{K(FITC)}KGGA). This sequence contains the same amino
acids, acetylation, and fluorescent labeling of F-PTS1 but lack the AKL sequence used by
the cell for glycosome trafficking. When the scrambled peptide (Fig. 2-2) is incubated with
the cells, it is trafficked only to lysosomes and is not trafficked to additional compartments,
unlike F-PTS1.
To determine the identity of the non-lysosomal compartment in which the F-PTS1
was found, immunofluorescence (IF) with organelle-specific markers was performed.
Parasites were first preloaded with F-PTS1 and fixed. Due to the low number of amines in
the PTS peptide, standard IF fixation methods were not able to adequately maintain the
spatial distribution of the peptide throughout the IF sample processing. In order to address
this issue, a modified sample preparation was used in which the cells were mounted and
washed within a microscopic perfusion chamber. While permeabilization, blocking, and
labeling steps followed standard IF procedures (described under experimental procedures),
the use of a perfusion chamber eliminated the need to adhere the cells to the slide.
Additionally, this setup facilitated rapid buffer exchange, which decreased sample
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preparation time and minimized leakage of the peptide from compartments in which it was
sequestered. Glycosomes were identified using antisera to the glycosome-resident TbHKs.
While the localization of F-PTS1 is slightly diffuse due to the challenges of fixing the
peptide, the peptide can be seen to co-localize with the TbHK marker for glycosomes. This
result supports the hypothesis that the probe is successfully trafficked to glycosomes. It has
been documented that mature peroxisomes are no longer PTS import competent, [12,22]
which may also be the same for glycosomes. Thus, while the peptide is mostly seen to
overlap with TbHK, it is observed and expected that not all the TbHK is co-localized with
F-PTS1.
We next began examinations of the endocytic mechanism resulting in delivery of
F-PTS1 to glycosomes. The observation that cells incubated at 4° C had no visible F-PTS1
uptake suggested that the mechanism of probe uptake and delivery to glycosomes must be
via endocytosis. Because the probe was observed in both the lysosome and glycosomes,
we hypothesized that the peptide may be trafficked into the cell in a pathway that is
common to both lysosome- and glycosome-targeted cargo. This observation in
trypanosomes is not unprecedented. Previous studies in which horseradish peroxidase
(HRP) and transferrin-gold were co-incubated together revealed that transferrin-gold
particles were directed into large lysosomal-like structures while HRP was found in both
lysosome and in tubular structures near the Golgi apparatus [23]. Together, these
observations suggest that trypanosomes contain mechanisms to redirect cargo acquired
after endocytic uptake.

45

Figure 2-3. Pulse-chase localization of coincubated F-PTS1 and TR-Dex in PCF T. brucei. (A)
DIC, F-PTS1, TR-Dex and merged fluorescent images at various time points over 340 min. White
arrows represent points of colocalization. Scale bars are 10 µm. (B) Quantification of the percent
of compartmentalized F-PTS1 colocalized with TR-Dex at various time points over 320 min. Cells
were co-incubated with 90 µM F-PTS1 and 50 µM TR-Dex in mPBS (28.5 °C, 5% CO2) for 1 hour
followed by copious washing and replacement with fresh buffer. Colocalization analysis was
completed under fluorescent microscopy. Error bars represent 95% confidence intervals of 30-60
cells.

To test our hypothesis that F-PTS1 was redirected following co-uptake with
dextran, we performed a pulse-chase experiment in which we monitored and quantified the
localization of both TR-Dex and F-PTS1. Both probes were first co-incubated with T.
brucei in mPBS. The cells were then thoroughly washed, mounted on glass slides, and
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imaged at various time points over 5 hours (Fig. 2-3A). The first time point image (60 min)
was captured immediately after the cells were transferred to fresh mPBS following the
pulse with the fluorescent probes. At this time point, punctate vesicles were observed that
harbored either both dextran and PTS1 probe or just the F-PTS1 probe alone. This result
is consistent with simultaneous uptake of dextran and the probe. However, after 120
minutes, the amount of co-localization decreased. Rather than multiple vesicles labeled
with dextran, only one or two was observed in each cell. Because the excess dextran in the
initial pulse had been removed by washing, no new Texas Red-loaded endosomes were
observed and the existing endosomes had likely fused with lysosomes. The lysosomal
staining observed was consistent with previous reports noting that T. brucei harbor 1 – 2
lysosomal compartments in each cell [24,25]. Greatly decreased colocalization observed at
this time point indicates that at this stage, most of the peptide had been redirected to
glycosomes and separated from dextran-labeled compartments, resulting in limited colocalization. After additional incubation, however, (220 and 320 min), the PTS1-labeled
vesicles became increasingly associated with dextran labeled compartments, suggesting
that glycosome turnover by autophagy was at work.
To further assess the relationship between endocytosis, lysosomes, glycosomes
and F-PTS1 trafficking, F-PTS1 co-localization with TR-Dex was assessed by dividing the
number of compartments containing fluorescein (F-PTS1) and Texas Red (dextran) with
the amount containing only fluorescein (F-PTS1). To increase throughput and prevent
observation bias, calculations were performed by generation of an automatic segment mask
for fluorescein and Texas Red emission in which the lower intensity range was set based
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on auto-fluorescence from untreated cells. The resulting masks were defined as individual
objects that represented the fluo-rescently labeled compartments (see “Experimental
Procedures”). The resulting percent co-localization of F-PTS1 and dextran as a function of
time revealed that after a 60 minute pulse with both F-PTS1 and TR-Dex, approximately
40% of vesicles containing PTS1 also contained dextran (Fig. 2-3B).

While we

hypothesize that the peptide and dextran enter the cell through the same endocytic
mechanism, cargo that were internalized during an earlier stage of the incubation period
have likely undergone separate trafficking to their respective organelles, resulting in 60%
of PTS1 already residing in glycosomes at the time of the first time point measurement.
Through time, the percent co-localization of the two probes decreased, over the next 60
min, to approximately 20%. In agreement with the images shown in Fig. 2-3A, the colocalization of peptide and dextran after the 2 hr incubation gradually increased, suggesting
that glycosomes were merging with lysosomes, presumably as a result of glycosomal
autophagy.

2.4.3 Determination of Glycosomal pH
After confirming the subcellular localization of the peptide probe, we proceeded to
quantify the pH of glycosomes using the pH-sensitive properties of fluorescein.
Fluorescein emission is ratiometrically sensitive to pH. Fluorescence emission at 525 nm
changes as a function of pH when excited at 495 nm, but is pH independent when excited
at 440 nm.

By using the 495/440 excitation ratio and an intracellular calibration,
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quantitative pH measurements can be performed without having to consider imaging issues
such as photobleaching, differences in focal plane, or loading concentrations. We first
conducted an in situ calibration using parasites preloaded with F-PTS1. These cells were
mounted in a perfusion chamber to allow rapid buffer exchange with pH calibration buffers
(pH 4-8). To permeate the cell and glycosomal membrane, 0.5 mg/ml digitonin, the amount
required to compromise the membrane [26], was added with each calibration buffer. Once
the internal pH reached equilibrium, the emission intensity at 495 nm and 440 nm was
acquired. Since the probe is known to also traffic to lysosomes (as shown with TR-Dex colocalization, Fig. 2-2), compartments with emission ratios correlating to pH below 5.0
(approx. 5-10% of measured compartments) were omitted. The resulting intra-cellular
calibration was consistent with previous studies of fluorescein in situ within lysosomes of
mammalian and trypanosome cells (Fig. 2-4) [24,27]. The precision of fluorescein at its
linear range (pH 5.0 – 7.5) is within 0.1 pH units at 95% CI and is insignificant when
compared to the variation between cells. Using this calibration, we report a pH of 7.4 ± 0.2
(n=42; mean ± 95% CI) in glycosomes of live T. brucei under standard growth conditions.
Furthermore, since F-PTS1 is also trafficked to lysosomes, we were able to determine the
pH of that organelle to be 4.5 ± 0.4 (n=35; mean ± 95% CI). This value is consistent with
previous reports of lysosomal pH in T. brucei [28]. However, the pKa of fluorescein (6.4)
mits sensitivity and therefore accuracy at lower pH; our measured uncertainty at this pH
may be an underestimate.
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Figure 2-4. Internal pH calibration of
fluorescein in PCF T. brucei Glycosomes.
Emission ratio of glycosome-localized F-PTS1
(incubation in mPBS, 90 µM, 60 min, 28.5 °C,
5% CO2) at 495 nm and 440 nm are plotted as a
function of pH. Internal pH was equilibrated with
external pH 4-8 calibration buffers and 0.5 mg/ml
digitonin detergent. Markers on the right side
represent the emission ratio of fluorescein in live
PCF T. brucei glycosomal and lysosomal
compartments under physiological conditions
(pH

7.4±0.2;

respectively).

n=42
Error

and

4.5±0.4;

n=35

bars

represent

95%

confidence intervals of 30-60 cells. Emission
ratios

were

acquired

through

fluorescent

microscopy. We note that the pH-independent
495 nm emission is an internal negative control
that corrects for possible signal changes other
than pH.

2.4.4 Glycosomal pH Response to Nutrient Deprivation
Previous studies have suggested that glycosomes undergo acidification, with one
consequence being the regulation of resident enzymes [6].

One known trigger of

qualitative glycosomal acidification is nutrient starvation. For quantitative determination
of the effects of starvation on the organellar pH, we measured the consequences of
changing glucose availability on probe excitation ratio.
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Figure 2-5. pH response of glycosomes in live
PCF T. brucei to the presence and absence of
glucose in incubation buffer. (A) pH difference
measured

from

glycosomal

F-PTS1

and

lysosomal F-Dextran in the presence (black bars)
and absence (gray bars) of glucose in incubation
buffer. Cells were measured after 60 min
incubation (28.5 °C, 5% CO2) in normal and
glucose deprived mPBS. pH difference of FPTS1 under the incubation conditions are
significantly different by ANOVA analysis
(p<0.001) but not for F-Dextran control
(p=0.021). (B) Glycosomal pH response to
glucose deprivation. Glucose removal and
addition

were

performed

through

buffer

exchange of 0 mM and 10 mM glucose mPBS in
a perfusion chamber mounted with live PCF T.
brucei cells. Vertical dotted lines represent time
points of buffer exchange. pH was monitored at
5 minute intervals. All pH values were
calculated from 495 nm to 440 nm emission ratio
of fluorescein with an intracellular calibration.
Error bars in both figures represent 95%
confidence intervals of 30 – 60 cells.

First we measured the pH of T. brucei glycosomes after incubation in mPBS
supplemented with glucose (10 mM) and compared this value to that for cells incubated in
the absence of the carbon source (Fig. 2-5A). In the presence of physiological levels of
glucose, inner-glycosomal pH is equal to the measurements made previously (7.4 ± 0.2;
Fig. 2-4). However, in a glucose-deprived buffer, pH was decreased to 6.8 ± 0.3 (n=30;
mean ± 95% CI). This process was also monitored by a chase experiment (Fig. 2-5B) in
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which the removal of glucose demonstrates that the acidification process occurs over 20
min. Addition of glucose back to the buffer reversed the acidification over the same
duration. This acidification of glycosomes in response to glucose deprivation was found to
be statistically significant by ANOVA analysis (p<0.001), whereas lysosomal pH under
these conditions was not significantly altered. We note that proline is a potential alternate
energy source, particularly for procyclic trypansomes. Since no proline was added to these
solutions, observed glycosomal pH response(s) to glucose deprivation may in fact reflect
general starvation conditions, rather than a glucose-specific effect.

2.5

Discussion
The studies of F-PTS1 uptake, dextran localization, and immunofluorescence with

a glycosomal marker strongly suggest the peptide probe developed here was targeted to
glycosomes. While the punctate pattern is consistent with those observed in mammalian
studies that target fluorescent probes to peroxisomes using targeting peptide conjugates
[10], the uptake mechanism is likely to be different. When incubation of F-PTS1 was
performed at 4°C, we did not observe uptake, in contrast with previous studies of cellular
uptake of PTS-conjugated fluorescein in mammalian cells [11,29]. One possibility for this
observation may be due to the different composition of phospholipids in the trypanosomal
membrane [30,31] relative to mammalian cells, which may reduce the trypanosome cell
membrane permeability to extracellular molecules and instead require molecules to enter
through a deep invagination of the plasma membrane near the flagella, known as the
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flagellar pocket [32]. Uptake through the flagellar pocket is via a mechanism similar to that
found in clathrin-coated vesicle formation in mammalian cells [33]. Given that in
mammals, clathrin-coated vesicle formation is sensitive to temperature [34], operation of
the corresponding parasitic mechanism may explain our observation of low peptide uptake
in chilled parasites. Uptake by endocytosis also explains why peptide was observed within
trypanosome lysosomes early in the time course of uptake. In contrast, PTS1 peptides in
mammalian models enter the cell by passive diffusion and therefore do not accumulate in
the lysosomal compartment.
Monitoring both dextran and F-PTS1 uptake together further supported the
possibility that trypanosome F-PTS1 uptake was distinct from the mammalian mechanism.
We observed that both the peptide probe and dextran were taken up initially by the same
endocytic mechanism, only to be later directed to different organelles. Since the first time
point represents a 60 minute pulse, compartments containing both dextran and peptide may
be early endosomes that formed relatively late during the 60 min incubation. Consequently,
compartments bearing only peptide may have already been trafficked to glycosomes.
Notably, the overall amount of co-localization gradually decreased during the time
course, once the cells were placed into fresh buffer and no new probe uptake could occur.
This decrease in colocalization paralleled a decrease in the total number of dextran-labeled
compartments, which is likely due to the maturation of early endosomes followed by fusion
with lysosomes. It is interesting to note that small amounts of F-PTS1 were directed to a
lysosomal compartment. The presence of F-PTS1 in lysosomes may be due to the
saturation of the cellular mechanism responsible for directing the peptide, or to a regulation
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mechanism that limits the amount to be imported. Following the segregation of F-PTS1
and dextran, the two markers were observed to gradually merge over the next several hours.
This observation is likely due to glycosome turnover by autophagy. While autophagy has
been described during the transformation of PCF to BSF, low levels of turnover also occur
throughout the cell’s lifetime to degrade and recycle glycosomal proteins [35,36]. The data
reported here suggests that the glycosome’s lifetime is approximately 2 – 6 hours in mPBS
which is significantly lower than the half-life reported for mammalian CHO cells (at ~2
days) [37] and T. brucei (>16 hrs) [38] in growth media. This may be due to the starvation
of carbon sources in mPBS. In contrast, similar experiments with a scrambled peptide
control did not exhibit trafficking to glycosomes and instead remained in the lysosomes.
Using the fluorescent peptide, we were able to measure pH inside the glycosome.
Since a subset of the probe localized to lysosomes rather than glycosomes, these
measurements required careful distinction between probes contained in the two different
compartments. In this case, the much greater acidity in the two compartments (~7.4 in
glycosomes and ~4.5 in lysosomes) led to a clear bimodal distribution of fluorescein signal
that allowed segregation of glycosomal signal for pH determination. The pH of glycosomes
from parasites grown under standard conditions (7.4) was found to be slightly more
alkaline than the pH reported for peroxisomes in CHO cells (6.92) [10], but lower than the
value reported for human fibroblast peroxisomes (pH 8.2) [39].
Conditions of nutrient deprivation resulted in significant reductions in glycosomal
pH. Monitoring of trypanosome glycosomes loaded with F-PTS1 in a glucose deprived
environment demonstrated an acidification response resulting in a pH decrease of
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approximately 0.8 pH units over 20 min. While enzymes are involved in multiple functions
within glycosomes, the primary impact of glucose-deprivation is expected to be on
glycolysis, since this metabolic process uses glucose as the starting metabolite. It has been
shown ex vivo that T. brucei hexokinase (TbHK1), the enzyme responsible for converting
glucose to glucose-6 phosphate within the glycolysis pathway, is inactivated at pH 6.5 [6].
Moreover, glucose deprivation activates a complex variety of enzymes that alter the
primary energy source from glucose to proline [40]. Hence, the rapid pH response observed
from glucose deprivation is likely a consequence of pH-based regulation of glycolytic
mechanisms, including hexokinase. However, since this pH response was observed in the
absence of proline as well as glucose, we cannot distinguish between the effects of general
starvation and glucose deprivation.
These studies of intraglycosomal pH demonstrate the utility of peptide-targeted
fluorescent probes for quantitative investigation of the intracellular environment,
particularly as a response to external stimuli. The advantages of fluorescent peptide probes
for such measurements include the ability to rapidly and nondestructively monitor cellular
responses within subcellular compartments in live cells. By altering the choice of targeting
peptide, the methodology can be adapted for analysis in other subcellular organelles;
specific peptides have been successfully used to direct cargo to the mitochondria [41],
Golgi apparatus [42], and endoplasmic reticulum [43], in addition to glycosomes. By
altering the choice of fluorescent dye, the analyte of interest or the range of solution
conditions available for investigation can also be changed. For example, peptides can be
linked to pH-ratiometric dyes with different linear response ranges relevant to the organelle
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of interest, including Oregon Green 488 (pKa = 4.7) which has a working range suitable
for highly acidic compartments such as lysosomes. Solution conditions besides pH can
also be investigated using other dyes sensitive to specific analytes. Fluo dyes, for example,
bind to cellular calcium with a measureable response that can be used for monitoring Ca2+
levels [44,45].
Besides using our fluorescent peptide to monitor pH response, we have also
presented the potential of these measurements as a method to monitor autophagy of
organelles within trypanosomes. By targeting the fluorescent probe to glycosomes and
monitoring its co-localization with lysosomal labels, we were able to follow lysosomeglycosome fusion in real time and determine the glycosomal half-life (Fig. 2-3). This
observation of lysosomal fusion could be used as a novel method to study organelle
autophagy, and could be useful in applications that examine the effects of genetic and
chemical manipulations on components of the autophagy pathway in live cells.

2.6
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CHAPTER THREE
pH Regulation in Glycosomes of Procyclic Form Trypanosoma
brucei
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3.1

ABSTRACT
Here we report the use of fluorescein-tagged peroxisomal targeting sequence

peptides (F-PTS1, acetyl-CKGGAKL) for investigating pH regulation of glycosomes in
live procyclic form Trypanosoma brucei. When added to cells, these fluorescent peptides
are internalized within vesicular structures and can be visualized after 30-60 min. Using FPTS1 we are able to observe the pH conditions inside glycosomes in response to starvation
conditions. Previous studies have shown that in the absence of glucose, the glycosome
exhibits an acidification from pH 7.4 ± 0.2 to 6.8 ± 0.2. Our results suggest that this
response occurs under proline starvation as well. This pH regulation is found to be
independent from cytosolic pH and requires a source of Na+ ions. Glycosomes were also
observed to be more resistant to external pH changes than the cytosol; placement of cells
in acidic buffers (pH 5) reduced the pH of the cytosol by 0.8 ± 0.1 pH units, whereas
glycosomal pH decreases by 0.5 ± 0.1 pH units. This observation suggests that regulation
of glycosomal pH is different and independent from cytosolic pH regulation. Furthermore,
pH regulation is likely to work by an active process, since cells depleted of ATP with 2deoxyglucose and sodium azide were unable to properly regulate pH. Finally, inhibitor
studies with bafilomycin and EIPA suggest that both V-ATPases and Na+/H+ exchangers
are required for glycosomal pH regulation.
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3.2

Introduction
Trypanosomatids are unicellular parasitic organisms of the class Kinetoplastida. It

is estimated that members of the disease-causing trypanosomatids, including T. brucei, T.
cruzi, and Leishmania spp. infect over 30 million people a year [1]. The prevalence of
these parasites is exacerbated by the difficulties in developing effective therapeutic agents
as well as the social, geopolitical, and impoverished conditions of areas typically impacted
by these pathogens. With the goal the development of new therapeutic approaches,
additional research is necessary to identify suitable targets for development of new and
improved therapeutics.
Since trypanosomes travel between insect vectors and mammalian hosts, the ability
to regulate metabolism under a wide range of conditions is essential for parasite survival.
Drugs that disrupt this process could be powerful therapeutics. For example, T. brucei
residing in the tsetse fly (the procyclic form, PCF) can metabolize both glucose and amino
acids (primarily proline), whereas only glucose is used while in the mammalian host [2].
The metabolic regulation of these glycolytic processes is achieved through
compartmentalization within the glycosomes and it has been suggested that these
organelles may be excellent targets for therapeutic design [3, 4]. One important factor that
impacts glycolytic rate in trypanosomes is pH regulation [2, 5]; a decrease in glycolytic
flux by just 50% is sufficient to kill these parasites [6, 7]. Therefore, a better understanding
of this process may lead to potential therapeutics that operate by disrupting the parasite’s
glycosomal pH regulation. Importantly, drugs targeting glycolytic processes have been
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reported to kill cultured T. brucei in vitro with little or no effect on the growth of human
cells [8].

3.2.1 Glycosomal Acidification
We have previously shown that PCF parasites, which reside in the insect vector,
acidify the glycosomal compartment in response to glucose deprivation [2, 5]. This
observation suggests that under starvation conditions, T. brucei may undergo glycosomal
acidification in order to inactivate certain metabolic processes while simultaneously
activating alternate and potentially more beneficial processes, such as fatty acid, purine,
polyamine, or amino acid metabolism, which are highly pH dependent [9]. However, the
mechanism of glycosomal pH regulation is unknown. In most higher eukaryotic cells, pH
regulation is partially maintained by exchange of metabolically generated protons for Na+,
using Na+/H+ antiporters [10]. This regulatory process is driven by a Na+ gradient created
by Na+/K+ ATPases. However, at low external pH, Na+/H+ exchange is unfavorable; as
a result, cells typically also utilize ATP-driven proton pump(s) for pH maintenance.
Previous studies performed with inhibitors and genetic analysis of proton pumps in
PCF T. brucei have suggested involvement of both Na+/K+ ATPases and ATP-driven
proton pumps. For example, studies of cytosolic pH regulation suggests that cytosolic pH
is regulated by plasma membrane H+ -ATPase [11, 12]. Studies on T. brucei lysosomes
and acidocalcisomes (intracellular acidic vesicles containing polyphosphates) have shown
that pH regulation requires a combination of various vacuolar H+ ATPases (V-ATPase)
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[13, 14] and Na+/H+ exchangers (NHE) [15]; glycosomes may regulate pH similarly.
While studies on peroxisomes, a mammalian organelle that is the closest evolutionary
relative to glycosomes, suggest that only F-Type ATPases are present [16], other studies
have shown that V-ATPase indirectly contribute to peroxisome regulation by acidification
of the cytosol [17]. Furthermore, proteomic analysis has identified the presence of putative
genes that encode V-ATPases in the glycosome [18] of T. brucei. Hence, both V-ATP H+
ATPases (V-ATPases) and Na+/H+ exchangers (NHE) are strong candidates for
glycosomal pH regulation.
Here, we use a fluorescein-labeled peptide previously identified as a peroxisomal
transporting sequence (F-PTS1, acetyl-C{K(FITC)}GGAKL), to selectively target and
deliver a pH sensitive probe to glycosomes in PCF T. brucei. PTS sequences are C-terminal
tripeptides that have also been used to traffic cargo to the peroxisomal lumen of yeast,
plants, insects, and mammalians cells [17, 19–21]. We have previously demonstrated that
PTS1 delivers the pH sensitive fluorescent reporter fluorescein, into glycosomes for
quantitative measurements of pH in situ [5]. Using this technique, we demonstrate the
effect of proline and glucose starvation and the effect of acidic external pH (pHext)
incubation buffer on glycosomal pH in PCF T. brucei. Furthermore, we determine that
glycosomal pH is actively regulated and is independent of cytosolic pH. This process is ion
and ATP dependent, and is likely regulated by a combination of glycosomal V-atpases and
Na+/H+ exchangers.

65

3.3

Materials and Methods

3.3.1 Reagents
Fluorescein-tagged

peroxisomal

transport

sequence

(F-PTS1,

acetyl-

C{K(FITC)}GGAKL; 1107.29 MW) was synthesized by Genscript. Bafilomycin, 5-(Nethyl)-N-isopropylamiloride (EIPA), and ortho-vanadate inhibitors were purchased from
LC Laboratories, Toronto Research Chemicals Inc., and EMD Millipore respectively.
EIPA and Bafilomycin were dissolved in dimethyl sulfoxide (DMSO) at 100x working
concentration

before

use.

2',7'-Bis-(2-Carboxyethyl)-5-(and-6)-Carboxyfluorescein

(BCECF) dye for cytosolic pH quantification was purchased from Life Technologies. 2deoxy-D-glucose (2DG) and sodium azide (NaN3) for ATP depletion studies were
purchased from Alfa Aesar and BDH chemicals respectively. Luciferase assay for
analyzing cell ATP content was purchased from Promega. Because growth media results
in binding and aggregation with F-PTS1 probes, cell loading with the labeled peptide was
carried out in serum-free buffers. Depending on the condition of interest, cells were
incubated in Voorheis’s modified PBS (mPBS; 137 mM NaCl, 3 mM KCl, 16 mM
Na2HPO4, 3 mM KH2PO4, pH 7.6) [22] containing either 10 mM glucose, 10 mM proline,
or no carbon sources for starvation analysis. For pH studies and internal calibration, cells
were incubated in calibration buffer (CB; 130 mM KCl, 1 mM MgCl2, 15 mM HEPES, 15
mM MES) adjusted to desired pH ranges from 4 to 8.
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3.3.2 Microscopy
Images were captured by epifluorescence microscopy (Olympus IX71). pH
quantification of F-PTS1 and BCECF were measured by the intracellular 495/440 nm ratio
after calibration with CB (pH 4-8) and digitonin as described previously [5]. For
ratiometric imaging of fluorescein-based probes (F-PTS1 and BCECF), single band
excitation filters [440 nm (20 nm band-pass), 495 nm (10 nm band-pass)] and single band
emission filters [535 nm (25 nm band-pass)] were used. An Orca-ER CCD (Hamamatsu)
was used for image acquisition and control of all microscope components and all image
processing was performed using Slidebook 5.0 (Intelligent Imaging Innovations).
All data and statistical analysis acquired from ratiometric fluorescent micrographs
were determined as follows: Fluorescent background signals were determined by average
intensities of cell free regions at 495 and 440 nm and subtracted from each image. Each
measurement point is a representation of cells from several fields taken within 1 min and
binned together. Since some of the peptide may ultimately be delivered to the lysosomes,
fluorescent compartments containing emission ratios consistent with lysosomal
compartments (490 nm / 440 nm < 1.2; pH < 5.5) were excluded from analysis. Dead cells,
as determined by morphological changes and lack of motility, were excluded from analysis.
Out of focus emission from 490 nm and 440 nm were excluded. Measurements were
collected at sample sizes of at least 25 cells and errors are reported as ± standard error of
mean (SEM) based on a normal distribution. To verify normal distribution, data obtained
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were compared to the expected values for a normal distribution by chi-squared analysis
with > 95% confidence.

3.3.3 Cell response to nutrient deprivation, external pH (pHe) changes, and
Na+/K+ ions
PCF T. brucei brucei strain 427 (29-13) were used in cellular studies. Unless noted,
all studies involving F-PTS1 uptake in these cells was performed as described previously
[5]. Briefly, PCF cells were grown in SDM-79 [23, 24] at densities between 5 x 105 and 5
x 107 cells/ml in 27.5°C and 5% CO2. Cells were centrifuged and resuspended to a final
concentration of 1 x 108 cells/ml in mPBS (for nutrient deprivation and ion analysis) or CB
(for pHe analysis) with either 90 µM F-PTS1 or 0.1 µM BCECF for 60 min (27.5ºC, 5%
CO2,). After probe uptake, cells were washed 3 times by centrifugation (750xg; 5 min) with
incubation buffer and placed into a microscope perfusion chamber with fresh buffer. The
perfusion chamber allows for quick buffer exchange while continuously monitoring
495/440 nm ratio for pH quantification. For glucose deprivation, cells were first incubated
in mPBS containing 10 mM glucose, and replaced with glucose-free mPBS to simulate
nutrient deprivation. Effects of acidic pHe were monitored by buffer exchange from CB at
pH 7.4 into CB set to either pH 6 or 5. Finally, studies on the effects of Na+/K+ were
monitored by perfusion into mPBS lacking the respective ions. Measurements from 495 /
440 nm emission ratio were quantified by correlation to a pH titration curve with cells
permeabilized by digitonin as mentioned previously.
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3.3.4 Digitonin Titration
Cells were separately incubated with either F-PTS1 or BCECF in CB pH 7.4 with
the standard uptake protocol as mentioned above. Cells were then combined together in a
microscopic perfusion chamber such that each cell had either glycosomal or cytosolic
labeling; combination of loaded cells is necessary as both probes have the same spectral
properties and labeled glycosomes would not be distinguishable from labeled cytosol. The
cells were then buffer exchanged into CB pH 5.0 and equilibrated for 15 min. Digitonin
(10–500 µg/ml) was titrated at various intervals by buffer exchange into CB pH 5
containing the detergent at increasing concentrations. After each addition, the cells were
equilibrated for 5 minutes before imaging at 495/440 nm for ratiometric quantification in
both F-PTS1 and BCECF-loaded cells.

3.3.5 ATP deprivation and effect on pH regulation
To optimize ATP deprivation, 1 x 106 cells were pelleted (2 x 5 min, 750 x g) and
resuspended in nutrient-free mPBS containing 1 to 50 mM 2-deoxyglucose (2DG) and
Sodium Azide (NaN3) for 10 minutes in 96 well plates. The ATP content in the cells was
monitored at various concentration and time intervals by luciferase assay in a plate reader
(Tecan, GENios) using manufacturer protocols. Cells were also allowed to recover ATP
by the addition of growth media in the wells for 10 minutes before determining the ATP
content. Based on these results, the optimum concentration for ATP depletion was
determined to be 10 mM 2DG and 10 mM NaN3.
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To determine the effect of ATP depletion on cytosolic and glycosomal pH
regulation under acidic pHe, PCF T. brucei were first loaded with BCECF and F-PTS1
respectively. Cells were then depleted of ATP in CB pH 7.4 as described above and placed
into a microscopic perfusion chamber. The buffer was then exchanged with CB pH 6.0
while imaged at 495/440 nm over time intervals for 40 min. Quantification was achieved
by internal calibration.
For studying the effects of ATP depletion on the glycosomal acidification response,
PCF T. brucei were first incubated with F-PTS1 in mPBS for glycosomal pH quantification.
The cells were placed in a perfusion chamber and buffer exchanged with nutrient-free
mPBS containing 2DG and NaN3 while imaging at 495/440 nm at intervals over 60 min.
Final pH quantification was determined by internal calibration.

3.3.6 Inhibitor effect on pH regulation
PCF T. brucei cells were pelleted and resuspended in nutrient-free mPBS
containing F-PTS1 using standard protocols as described previously. The cells were then
placed into a microscope perfusion chamber. Additionally, inhibitors (bafilomycin, 2 µM;
vanadate, 500 µM; EIPA, 100 µM) were introduced into the incubation buffers individually
or in combination. The cells were monitored for glycosomal pH by 495/440 nm emission
of the localized F-PTS1 at intervals for 30 minutes by which all cell glycosomes exhibit a
steady state pH. Results were compared to cells incubated in nutrient-supplemented mPBS
under similar conditions as control.
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3.4

Results

3.4.1 Glycosomal pH Response to Nutrient Deprivation
PCF trypanosomes can adapt their metabolism to conditions of low glucose through
the up-regulation of amino acid metabolism [25, 26]. We have previously quantified the
glycosomal pH response to glucose deprivation [5]. Here we compare glycosomal pH
response to the presence and absence of both glucose and proline, an alternate amino acid
carbon source metabolized by PCF T. brucei. To measure intraglycosomal pH under
various nutrient deprivation conditions, we loaded live cells with a fluorescein tagged
peroxisome targeting sequence (F-PTS1) and measured the change in emission ratio
(494/440 nm) in the presence and absence of proline and glucose. The ratios were then
compared to an internal pH calibration performed in the presence of digitonin, which
permeabilizes cell membranes, and allows cytosolic and organellar pH to reach
extracellular values. In the presence of digitonin, cells were equilibrated with a series of
buffers from pH 4 to 8, which allowed development of an intraglycosomal fluorescein
response pH calibration (Fig. 3-1, solid line). Figure 3-2A shows the change in glycosomal
pH over 120 min during nutrient deprivation. PCF T. brucei were first incubated with
glucose, proline, or both, and the glycosomal pH was recorded. Afterwards, the nutrient
source was removed and the change in pH was monitored over time. Cells initially
incubated in glucose-supplemented buffer underwent glucose acidification from 7.6±0.2 to
6.8±0.2 over 15 minutes upon the removal of glucose, consistent with our previous
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observations [5]. However, when cells in proline-supplemented buffers (either proline
alone or a mixture of proline and glucose) were removed from the presence of proline, the
glycosomes of these cells maintained a constant pH (7.4±0.1) over the same 15 min
duration. Removal of the nutrients from cells exposed to proline had no initial effect on the
intraglycosomal pH. Instead, cells exposed to proline undergo a much slower acidification
rate over the course of 2 hours after nutrient removal.

Figure 3-1: F-PTS1 and BCECF uptake in
T.

brucei

can

be

used

for

pH

quantification. PCF T. brucei cells were
incubated (27 ºC, 5% CO2, 60 min) with (A,
Top) 90 µM F-PTS1 or (A, Bottom) 100 nM
BCECF in mPBS. (A) DIC and fluorescent
images of probe uptake. Scale bars are 10
µm. (B) Normalized sample calibration
curve of glycosomal pH from F-PTS1 and
cytosolic pH form BCECF. Cells were
permeabilized with 0.5 mg/ml digitonin
detergent and equilibrated with pHe 5-8 CB.
Emission ratio of glycosome-localized FPTS1 (solid line) cytosolic-localized BCECF
(dotted line) at 495 nm to 440 nm were
acquired through fluorescent microscopy
and are plotted as a function of pH. Error bars
represent the SEM from 25-50 cells.
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Figure 3-2: Glucose and proline starvation
results in glycosomal acidification. PCF T.
brucei cells were incubated (27 ºC, 5% CO2,)
with F-PTS1 for 2 hours in mPBS with (A)
and without (B) the respective nutrients
before analysis. (A) The change in T. brucei
glycosomal pH after buffer exchange to
nutrient-free mPBS from mPBS containing
10 mM glucose, proline, or both. (B) The
change in T. brucei glycosomal pH after the
addition of mPBS containing 10 mM
glucose, proline, or both to cells preincubated in starvation conditions for 2
hours. All pH values were calculated with
from 495/440 nm emission ratio of F-PTS1
with an internal calibration. Error bars in
both figures represent standard error of the
mean from 25-50 cells.

We also carried out experiments in which nutrients were reintroduced to
trypanosome cells after a prolonged period of starvation, and then observed the glycosomal
response over time. Figure 3-2B reports the glycosomal pH upon nutrient supplementation.
The addition of glucose, or a combination of glucose and proline, results in alkalization
back to physiological pH 7.5 over 20 min. Hence, the time periods required for acidification
and alkalization in response to glucose availability are similar. However, re-alkalization in
the presence of proline is slower; final pH values are not reached for at least 40 min,
although the final pH is indistinguishable from that for glucose-supplemented cells.
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Together, these results suggest that glycosomal pH response to proline is markedly
different than response to glucose. Acidification and alkalization response to proline
deprivation and supplementation is 8 and 2 times longer, respectively, than for glucose.
The difference in glycosomal pH response to the different nutrient sources suggests a
difference in signaling pathways initiated by the respective nutrient sources. Mechanistic
differences in nutrient response are expected, since proline is transported to the
mitochondria for oxidative phosphorylation [27], a process which bypasses the glycosomes,
while glucose metabolism occurs solely in the glycosomes.

3.4.2 Glycosomal and Cytosolic pH Response to Acidic External pH
Due to marked changes in the external environments during the trypanosome life
cycle, trypanosomes must contain robust mechanisms for quickly adapting to a variety of
conditions. For example, BF T. brucei replicating in the alimentary tract of the tsetse fly
are exposed to shifts in pH up to 3 pH units during blood meals [28]. PCF trypanosomes
must also maintain appropriate internal cytosolic pH values in the presence of a range of
external pH values; previous studies have determined the cytosolic pH of PCF T. brucei to
be approximately 7.6, a value that is maintained in the presence of an external pH (pHe)
range of 6-8 [11]. However, measurements of the glycosomal pH as a function of external
pH have not been performed, despite the known pH-sensitivity of glycolytic enzyme
function.
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Figure

3-3:

regulated

Glycosomal

pH

independently

is

from

cytosolic pH and is more resistant to
external

acidic

pH.

(A)

The

glycosomal and cytosolic pH after
incubation in nutrient-supplemented
calibration buffer (CB) at pHe 5.0, 6.0,
and 7.4 for 1 hour. (B) Time chase
analysis of this acidification process
over 60 min. Vertical dotted line
represents point of buffer exchange
from pHe 7.4 to pHe 6.0 and 5.0. (C)
Glycosomal and cytosolic pH in
nutrient-supplemented CB pHe 5.0
under digitonin titration. All pH values
were calculated with from 495/440 nm
emission

ratio

of

F-PTS1

for

glycosomes and BCECF for cytosol
with an internal calibration. Error bars
in both figures represent SEM from 2550 cells.
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In order to compare regulation of glycosomal and cytosolic pH, we monitored both
glycosomal and cytosolic pH in cells exposed to acidic external buffers at pHe 5.0, 6.0 and
7.4, over a period of 60 minutes. Glycosomal pH measurements were carried out as above;
while cytosolic pH measurements were carried out using an additional pH-sensitive
ratiometric dye (in this case, BCECF), loaded into the cytosol. The measured BCECF
495/440 emission ratio then yielded cytosolic pH via an internal calibration (Figure 3-1,
dotted line) that used digitonin to permeabilize cells and equilibrate cytosolic pH with
external buffer(s) of known pHe, similar to that performed for intraglycosomal pH
calibration.
A comparison of pH values obtained from ratiometric measurements in the cytosol
and glycosomes as a function of several different external pH values are presented in Figure
3-3A. These data demonstrate that acidic pHe results in a greater acidification of cytosolic
pH than glycosomal pH. Under pHe 6, cytosolic pH decreased from 7.3 ± 0.1 to 6.9 ± 0.1,
a response consistent with previous studies [11], while glycosomal pH only changed from
7.4 ± 0.2 to 7.1 ± 0.1. Similarly, at pHe 5, cytosolic pH decreases to 6.5 ± 0.1 compared to
the glycosome pH at 6.8 ± 0.1. Figure 3-3B shows a time course of the cytosol and
glycosome pH change as a response to acidic pHe. These data demonstrate that most of the
acidification in the cytosol occurs within 10 minutes of buffer exchange into acidic pHe
(represented by the solid line) whereas glycosomal pH (represented by the dotted line)
decreased gradually over time. Together, these data suggest that the two compartments are
not in equilibrium with each other, and that glycosomal pH is regulated independently from
cytosolic pH.
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To further investigate the ability of glycosomes to maintain a pH independent from
the cytosol, we titrated varying amounts of digitonin to cells equilibrated at pHe 5 under
conditions of nutrient deprivation (no glucose and no proline). Previous studies have
determined that a minimum of 500 µg/mL digitonin is required to fully compromise the
glycosomal membrane [29] while lower digitonin concentrations act on the plasma
membrane alone. By titrating the detergent and monitoring the pH of both compartments,
we monitored the ability for glycosomes to maintain an independent pH from the cytosol
(Fig. 3-3C). As for previous measurements, glycosomal pH was quantified using F-PTS1
while cytosolic pH was quantified using BCECF. The addition of 10 µg/mL of digitonin
was sufficient to begin to permeabilize the cellular membrane and resulted in a decrease in
cytosolic pH from 6.5 ± 0.1 to 5.7 ± 0.1; additional digitonin further acidified the cytosol
as it became equilibrated with pHe.
In contrast, glycosome pH was maintained at a pH approximately 0.8 pH units
higher than the cytosol following treatments with 10 µg/mL digitonin, as the detergent was
not at a sufficient concentration to compromise the membranes of the organelle. Only after
the addition of 500 µg/mL digitonin (i.e. after glycosomal membrane permeabilization) did
the glycosomal pH equilibrate with cytosolic pH. The resistance of glycosomal pH to
changes in cytosolic pH in the absence of glycosomal membrane permeabilization supports
the hypothesis that glycosomes regulate internal pH independent of cytosolic pH, likely a
consequence of different biological processes with different pH requirements operating in
each compartment.
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3.4.3 Effects of Na+ and K+ on pH regulation
Most cells utilize a series of active or passive ion transporters, mainly those
involving transport of Na+ and K+, to regulate pH. To investigate the possible contribution
of the different ion transporters to pH control in T. brucei, we compared the maintenance
of steady state pH in the cytosol and glycosomes in the presence and absence of these ions.
PCF T. brucei were equilibrated at pHe 5.0 in Na+ or K+- free buffers. The pH was
monitored over 60 minutes, using BCECF for the cytosolic pH probe and F-PTS1 for the
glycosomal pH probe. As shown in Figure 3-4A, cytosolic pH control was observed to be
more dependent on a K+ source than Na+. Absence of K+ from the surrounding buffer
resulted in a decrease of cytosolic pH from 6.3 ± 0.2 to 5.6 ± 0.2 at pH e 5.0. (Fig. 3-4A).
However, glycosomal pH control was more dependent on Na+ (Fig. 3-4B). Upon removal
of Na+ removal, glycosomal pH decreased from 6.6 ± 0.1 to 5.3 ± 0.3. This observation
suggests that the cell’s ability to regulate steady-state pH in the cytosol depends on K+,
while glycosomal pH regulation requires Na+.
We next determined whether the absence of K+ or Na+ affected glycosomal
acidification under starvation conditions. Cells were incubated in nutrient-free mPBS
without either Na+ or K+ for 1 hour at physiological pH (Fig 3-4C). Cells in mPBS
containing only Na+ exhibited the previously observed acidification response to starvation
conditions - a decrease of 0.6 to 0.8 pH units. However, cells incubated in mPBS containing
only K+ were unable to acidify their glycosomes under the same conditions. Instead, the
glycosomal pH was similar to cells incubated in mPBS supplemented with glucose. The
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Figure 3-4: Cytosolic and glycosomal
pH regulation is compromised under
Na+ or K+ buffers, respectively. (A)
Cytosolic and (B) glycosomal pH after 1
hour incubation in Na+ or K+ nutrientsupplemented CB at pH 7.4, 6.0, and 5.0.
Buffers contain only either Na+ or K+ as
indicated. Error bars in both figures
represent SEM from 25-50 cells. (C)
Glycosomal pH of cells incubated in
mPBS + glucose and nutrient-free mPBS
modified to only contain Na+ or K+ ions at
pH 7.4 for 1 hour. The box plot represents
10-90th percentile, with outliers shown as
points. The differences in glycosomal pH
under Na+ and K+ buffers are statistically
different by ANOVA analysis (p<0.05).
All pH values were calculated with from
495/440 nm emission ratio of F-PTS1 for
glycosomes and BCECF for cytosol with
an internal calibration.
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difference in glycosomal pH response of the cells incubated in Na+ and K+ buffers were
found to be statistically different by ANOVA analysis. This reliance of pH control on
different ions for the respective compartments suggests that different membrane
transporters are responsible for regulation in the cytosol and glycosome, which may be
necessary for the parasite to independently alter the pH of its glycosome to maintain
appropriate glycolytic enzyme function, even in the presence of shifting cytosolic pH.

3.4.4 Effects of ATP on pH regulation in glycosomes
Previous studies on pH regulation in mammalian peroxisomes have shown that this
process is ATP dependent [17]. Because we have observed the ability of glycosomes to
maintain a more alkaline pH than the cytosol or external environment, an active ATPdriven process is likely operating in T. brucei glycosomes as well. Under normal starvation
conditions with nutrient-free buffer, complete ATP depletion in the parasites occur very
slowly, and no change in the ability to regulate glycosomal pH during incubation in acidic
pHe was detected (Fig. 3-5). In order to better study the role of ATP, we employed a method
that uses 2-deoxyglucose (2DG) and sodium azide (NaN3) to deplete the cells of ATP. 2DG
is converted into 2-deoxyglucose-6-phosphate (2D6P) by hexokinase and the consumption
of ATP. Normally, this investment of ATP results in the generation of ATP during later
stages of the glycolysis cycle. However, unlike conversion from glucose, conversion to
2D6P inhibits further ATP production and thus actively depletes the cell of ATP. At 100
mM 2DG, cells can be depleted of up to 90% ATP in minutes [30]. 2DG alone does not
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Figure 3-5: Starvation conditions do not affect glycosomal pH regulation under acidic pHe.
Cells were initially incubated (27 ºC, 5% CO2, 60 min) with F-PTS1 at pH 7.4 in nutrient
supplemented or deprived CB. Cells were then buffer exchanged into the same conditions at lower
pHe 5.0 (at the time point noted by the vertical dotted line) and the glycosomal pH was monitored
over 60 min by 495 / 440 emission ratio and quantified with an internal calibration. The glycosomal
pH under starvation conditions is more acidic than nutrient-supplemented conditions due to the
starvation response (see Fig. 1). However, there is no statistical difference between the change in
pH of the glycosome after incubation in pHe 5.0 of cells with or without nutrients.

entirely deplete the cells of ATP; besides glycolysis, oxidative phosphorylation is also
responsible for ATP generation. To address this residual ATP formation we also use NaN3,
an inhibitor of oxidative phosphorylation in mitochondria, to further deplete remaining
ATP. 2DG and NaN3 have been used in mammalian cells for ATP depletion studies and
have shown to adequately deplete ATP for up to 1 hour without much compromise in cell
viability [31–33].
We first determined the optimum concentration of 2DG/NaN3 needed for T. brucei
ATP depletion. Cells were equilibrated under starvation conditions in PBS for 1 hour, after
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which various concentrations of 2DG/NaN3 were added and ATP was measured after 10
minutes. The cells were also allowed to recover by reintroduction of nutrients via the
supplementation of culture media. After a 10 min recovery, the ATP levels were again
measured (Fig. 3-6A). Normal starvation conditions were observed to decrease basal ATP
levels to ~30% of that for untreated cells cultured in media (dotted horizontal line). The
addition of 2DG/NaN3 further decreased ATP levels to ~18% at 1 mM and as low as ~9%
at >10 mM. Hence, addition of 2DG/NaN3 to cells already under starvation conditions
resulted in a further three-fold depletion of ATP. Additionally, we demonstrated that cells
treated with 2DG/NaN3 were able to regenerate ATP upon supplementation of carbon
sources. In cells depleted with <10 mM 2DG/NaN3, ATP recovery reached ~78% of
untreated cell ATP levels, similar to cells depleted form starvation alone. The inability
these ATP-depleted cells to return to full ATP levels upon subsequent nutrient
supplementation is likely due to some cell death during starvation, an observation
consistent with previous studies of ATP depletion in mammalian cells [33]. Higher
treatments of 2DG/NaN3 resulted in lower recovery after nutrient supplementation, down
to only ~60% recovery at 50 mM. From these results, we determined that 10 mM of
2DG/NaN3 provided optimum ATP depletion with minimal compromise in cell viability.
A comparison of cell viability between nutrient-free PBS with and without 10 mM
2DG/NaN3 over 60 minutes showed no significant difference in viability over the first 30
minutes, and only ~5% less over longer periods of time (Fig. 3-7).
A time course study on the rate of ATP depletion and replenishment using these
compounds was performed on cells grown in normal culture conditions (Fig. 3-6B). ATP
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Figure 3-6: Treatment of T. brucei with
2-deoxyglucose and sodium azide rapidly
depletes basal ATP beyond normal
starvation conditions. (A) ATP depletion
(black bars) of cells incubated in glucosefree PBS containing 0 – 50 mM 2DG and
NaN3 after 10 min incubation and ATP
recovery (gray bars) of the same cells after
buffer exchange into growth media for 10
minutes. Horizontal dotted line represents
ATP levels of untreated cells in growth
media. (B) Time chase analysis of this ATP
depletion and recovery process at intervals
over the first 12 minutes. (C) Comparison
of ATP levels in T. brucei incubated in
media,

nutrient-free

PBS,

nutrient-

supplemented PBS, or nutrient-free PBS
with 2DG and NaN3 for 10 minutes. The
ATP levels after recovery in cells incubated
under nutrient-free PBS with and without
2DG and NaN3 are also reported (gray
bars). All ATP values were determined by
a luciferase assay. Error bars in all figures
represent SEM from treatments performed
in triplicate.
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levels in untreated cells were measured before exchange into nutrient-free PBS containing
10 mM 2DG/NaN3, then ATP levels were monitored over time as cells responded to ATP
deletion (Figure 3-6B) In this case, cells reached maximum ATP depletion of ~90% 8-10
minutes. When ATP-depleted cells were treated with nutrients to allow ATP levels to be
replenished, regeneration back to starting levels occurred in less than 4 minutes.
To gain a better understanding of the cell’s steady-state ATP levels, we also
compared the ATP levels in T. brucei under various growth and incubation conditions (Fig
3-6C). Cells incubated in PBS resulted in a 3-fold decrease in ATP levels. However, cells
incubated in PBS supplemented with 10 mM 2DG/NaN3 showed a 12-fold decrease in ATP
levels compared to incubation in growth media, and were able to recover 80-90% of their
starting ATP upon nutrient reintroduction and remain viable. Interestingly, cells incubated
with proline alone as the carbon source maintained ATP levels similar to that for cells
cultured in growth media, while cells in buffer containing glucose or both glucose and
proline together contained slightly less total ATP. This observation may reflect T. brucei’s
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preference for glucose over proline as a carbon source [34], and the lower efficiency of
ATP generation from glucose [27].
Using this method of ATP depletion we were able to study PCF trypanosomes’
ability to regulate glycosomal pH under conditions of very low ATP. We first assessed
whether ATP was necessary for maintaining steady-state glycosomal pH under acidic pHe.
PCF T. brucei in pHe 7.4 were depleted of ATP, followed by a buffer exchange into pHe
6.0, and glycosomal pH was observed throughout using F-PTS1. A time course of
glycosomal pH under these conditions is shown compared to that for non-ATP depleted
cells in Figure 3-8A. These data shows a significant drop in glycosomal pH in ATPdepleted cells (from 7.6 ± 0.2 to 6.6 ± 0.2) over a period of 15 minutes after buffer exchange
into pHe 6.0. Following the relatively rapid drop, glycosomal pH remains static at ~ 6.6.
In comparison, non-ATP depleted cells under the same conditions show only a modest drop
(from 7.7 ± 0.2 to 7.4 ± 0.2). Together, these data suggest that ATP is involved in control
of glycosomal pH.
We compared the effects of ATP depletion on glycosomal pH to that on cytosolic
pH (Figure 3-8B). BCECF and F-PTS1 were used to quantify cytosolic and glycosomal
pH 1 hour after ATP depletion. As expected, ATP depletion results in no significant change
of pH in either compartment at external physiological pH 7.4. At pHe 6.0, cytosolic pH in
ATP-depleted and non-depleted cells are indistinguishable; both treated and untreated cells
resulted in a cytoplasmic pH of ~6.6. In comparison, the removal of ATP has a much
greater effect on pH control in the glycosome than in the cytosol; ATP depletion decreased
glycosomal pH by ~0.6 in acidic pHe. Significantly, the glycosomal pH under ATP-
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Figure 3-8: ATP-depleted T. brucei have
compromised resistance to acidic pHe and
equilibrate with cytosolic pH. (A) Timechase analysis of glycosomal pH over 60 min
in cells exposed to pHe 6.0 under nutrientsupplemented CB and in nutrient-free CB
containing 2DG and NaN3 for ATP depletion.
Dotted vertical line represents the time point
of buffer exchange to pHe 6.0. (B) Comparison
of cytosolic and glycosomal pH in pHe 7.4 and
6.0 CB under nutrient-supplemented and ATP
depletion conditions. All pH values were
calculated with from 495/440 nm emission
ratio of F-PTS1 for glycosomes and BCECF
for cytosol with an internal calibration. Error
bars in both figures represent the SEM from
25-50 cells.

Figure
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glucose starvation. Cells were incubated in
mPBS containing 10 mM glucose while
monitoring glycosomal pH. The buffer was
then exchanged (noted by the dotted vertical
line) into glucose-free mPBS with and without
ATP depletion conditions. A time chase
analysis of glycosomal pH was then monitored
over 60 minutes using F-PTS1 495/440 nm
emission ratio with an internal calibration.
Error bars represent the SEM from 25-50 cells.
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depletion seems to be in equilibrium with the cytosolic pH. These observations show that
ATP depletion does not have a significant impact on cytosolic pH regulation under acidic
pHe, but does affect glycosomal pH regulation. Without ATP, glycosomal pH regulation
becomes inactive, and the pH equilibrates with cytoplasmic pH.
We next examined the effect of ATP depletion on regulating glycosomal
acidification. As shown previously (Fig. 3-2A), T. brucei are able to reversibly acidify their
glycosomes by 0.6 to 0.8 pH units in response to nutrient deprivation. To determine
whether this process is ATP dependent, we incubated cells in glucose-free buffer under
ATP depletion conditions and monitored glycosomal pH by F-PTS1 analysis (Fig 3-9).
Consistent with previous observations, cells under normal glucose-free starvation
conditions undergo glycosomal acidification over 20 minutes, remaining constant at pH
~6.8. In cells incubated under starvation conditions in the presence 2DG and NaN3, a
similar acidification response is observed initially (during the first 20 minutes after glucose
removal), but is subsequently followed by alkalinization back to ~7.4. Presumably, proper
functioning of the glycosomal pH acidification process is prevented after the basal supply
of ATP is exhausted (≤20 minutes after nutrient depletion) in the presence of 2DG/NaN3.
This observation is consistent with our previous data indicating that maximum ATP
depletion using this method requires a minimum of 10 minutes (Fig. 3-6B).

3.4.5 Effect of protein inhibitors on glycosomal pH regulation
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Previous studies of trypanosome subcellular compartments have shown that
Vacuolar H+-ATPases (V-ATPase), phosphorylation P-type ATPases (P-ATPase) and
Na+/H+ exchangers (NHE) are responsible for pH regulation in acidocalcisomes, lysosomes,
and the cytosol [12–14, 35–37], respectively. Our data indicate that glycosomal pH
regulation requires ATP and Na+ ions, and is therefore consistent with regulation by
ATPases and/or NHE. NHEs are carrier-mediated electroneutral exchangers of Na+ for H+
and do not directly consume metabolic energy. However, NHEs require the presence of
plasmalemmal phosphatidylinositol 4,5-bisphosphate (PIP2), and acute depletion of ATP
has been shown to result in dephosphorylation of PIP2 and a large decrease in NHE activity
[38]. As a result, involvement of either ATPase or NHE proteins in glycosomal pH
regulation would be reflected in reduced pH regulation at low ATP concentrations. In
addition, each of these transporters have been identified as putative T. brucei glycosomal
proteins by genetic analysis [39].
To determine whether these proteins are involved in glycosomal pH regulation, we
examined the effect of V-ATPase, P-ATPase, and NHE inhibitors on glycosomal pH. We
treated cells with bafilomycin, which inhibits V-ATPase, and vanadate, which inhibits PATPase, to assess the role of these integral transmembrane proteins in observed glycosomal
pH regulation. Bafilomycin is widely applied in mammalian systems [40], and has been
used to determine the role of V-ATPases in regulating lysosomal pH in T. brucei [13] and
cytosolic pH in T. cruzi [41]. Vanadate has been successfully utilized to study the
properties of P-ATPases in Trypanosomatid species that include T. brucei, T. cruzi, and
Leishmania

donovani

[12,

37].

We

also
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treated

cells

with

5-(N-ethyl)-N-

isopropylamiloride (EIPA), a protonophore inhibitor of NHE that has been previously used
in studies of T. cruzi and T. brucei cytosolic pH regulation [11, 41].
For these inhibition experiments, PCF T. brucei were incubated in nutrient-free
mPBS with bafilomycin (2 µM), vanadate (500 µM), or EIPA (100 µM); cells were treated
with each inhibitor by itself and in combination, and glycosomal pH was quantified with
F-PTS1, as previously described. The resulting glycosomal pH data were compared to that
for trypanosomes both without inhibitors and with nutrient supplementation (Fig. 3-10A).
We note that while addition of inhibitors was observed to decrease cell viability by ~3040% by flow analysis with cell titer blue (Figure 3-11), much of this effect (~20%) results
from the vehicle solvent (DMSO) in which the inhibitors are dissolved. Vanadate does not
require DMSO for solubility and is disolved in H2O; cells incubated with vanadate showed
substantially higher viability. To minimize the impact of inhibitor effects on viability, dead
cells were identified by morphology and motility during pH analysis and excluded from
calculations. As a result, we report pH values from the glycosomes of only viable cells.
Figure 3-10A shows the combined results of these inhibitor studies. Addition of
bafilomycin alone resulted in a very modest alkalinization of 0.1 pH units, while vanadate
and EIPA by themselves resulted in no statistical change ion glycosomal pH. However,
cells incubated with both bafilomycin and EIPA showed a significant pH increase by
ANOVA analysis (~0.4 pH units) compared to normal starvation conditions without
inhibitors (nutrient-free mPBS), suggesting that the glycosomal acidification process is
unable to occur. While cells incubated with all three inhibitors showed the same increase,
vanadate by itself as well as when added to one of the other inhibitors showed no change
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Figure 3-10: The inhibitors EIPA and
bafilomycin together function to prevent
glycosome acidification response to nutrient
deprivation. (A) The effect of inhibitors on
glycosomal pH acidification under starvation
conditions. PCF T. brucei cells were incubated
in nutrient supplemented mPBS or nutrient free
mPBS with various combinations of inhibitors
for V-atpase (bafilomycin), P-atpase (vanadate)
and NHE (EIPA) for 30 minutes. The asterisks
note results that are significantly different by
ANOVA analysis (p<0.001) from nutrient-free
mPBS without inhibitors (second bar from left).
(B) Time-chase analysis of glycosomal pH after
the addition of EIPA and bafilomycin (at the
point indicated by the vertical dotted line). The
horizontal

dotted

lines

represents

the

physiological pH of T. brucei grown in growth
media.
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in glycosomal pH and it is likely that vanadate has no effect on glycosomal pH regulation.
Therefore, these inhibition results suggest that a combination of V-ATPases and NHEs are
responsible for glycosomal acidification.
To further assess the effect of inhibitors on glycosomal acidification, a time-course
analysis of glycosome pH under inhibition by bafilomycin and EIPA is shown in Figure
10B. PCF T. brucei were first incubated under starvation conditions (i.e. in nutrient-free
mPBS), followed by the addition of bafilomycin and EIPA (vertical dotted line) while
monitoring glycosomal pH with F-PTS1 over 30 minutes. A significant alkalization
occurred during the first 15 minutes (glycosomal pH increases by 0.4 pH units), but was
followed by reversion back to non-starvation pH levels. This rate of glycosomal pH
increase by inhibition was similar to the natural alkalization rate for cells that were
reintroduced to metabolic carbon sources, as previously reported [5], suggesting that T.
brucei may control alkalization by inactivating glycosomal V-ATPases and NHEs rather
than by activating other integral proteins.

3.5

Discussion
T. brucei must be able to adapt to constantly changing environments, as the nutrient

supply changes drastically during a blood meal or when transitioning to a mammalian host.
These studies of cytosolic and glycosomal pH strongly suggest that T. brucei have the
ability to actively regulate subcellular pH in response to different environmental conditions.
Cells incubated in the presence of glucose or proline as the nutrient source exhibited
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glycosomal acidification after nutrient removal. The observed acidification rate was 8x
slower upon proline removal than upon glucose removal. Differences in acidification rates
are likely due to differences in the respective metabolic pathways. Proline can be converted
to glucose-6-phosphate through gluconeogenesis to allows for glucose-dependent
pathways, such as the phosphate-pentose pathway, to operate in the absence of glucose
[42]. This alternate pathway may explain why proline starvation ultimately results in a
glycosomal acidification response similar to glucose starvation, albeit at slower rates.
We have shown that glycosomes are able to maintain a relatively constant pH in
the presence of acidic external environments. Glycosomal pH behavior is markedly
different than that for the cytosol, which maintains a relatively constant pH ~7.0 at pH e
between 6 and 7, consistent with previous studies of T. brucei which suggest that cytosolic
pH control occurs through a passive mechanism [11]. However, cytosolic pH regulation is
greatly compromised at pH < 6.0, likely because the cell can no longer counteract the
proton influx. We note that trypanosomes under physiological conditions typically do not
encounter such acidic environments and cytosolic responses to these extreme conditions
are therefore physiologically unnecessary. When glycosomes were examined under
similarly acidic external conditions, it was evident that these organelles contain a much
more robust mechanism for maintaining a constant pH. Even under incubation buffer at
pHe 5.0, glycosomes were able to maintain a pH slightly below 7. This effect was observed
in the presence of selective permeabilization and equilibration of the cytosol to pHe 5; in
this case, the glycosomal pH was maintained at 1 pH unit higher than the surrounding
cytosol. This observation suggests that the glycosomal membrane is able to counteract the
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cytosolic pH and independently regulate its own pH.

Independent glycosomal pH

regulation may be physiologically necessary, since glycolytic proteins comprise up to 50%
of the total glycosomal protein content [43], and that many are heavily pH dependent for
optimum efficiency [44]. For example, the glycosomal enzyme T. brucei hexokinase
(TbHK) is responsible for converting glucose to glucose-6-phosphate in the glycolysis
pathway, and has been shown to be inactivated at pH 6.5 [2].
Previous studies on subcellular pH regulation in kinetoplastid and eukaryotic
species suggests a strong dependence on ion and ATP availability for responses to pH
changes [14–17, 45]. Incubation of T. brucei in buffer lacking Na+ leads to poorly regulated
glycosomal pH when compared to parasites grown in the presence of Na+. Without Na+,
the steady-state pH of the glycosome is not as tightly maintained under acidic pHe and the
acidification effect observed under starvation conditions no longer occurs. Similarly, ATP
was also found to be necessary for proper pH regulation. Cells under normal starvation
conditions maintain a small basal level of ATP sufficient to counteract an acidic pH e 5.0.
However, when cells were treated with 2DG and NaN3 to further deplete ATP, the
glycosome did not resist acidification and glycosomal pH reached equilibrium with
cytosolic pH. Additionally, cells under ATP depletion and starvation were unable to induce
an acidification process after a time lapse of 20 minutes, presumably when the cell’s basal
ATP storage had been utilized. This is similar to the effects of glucose deprivation on VATPase observed in other eukaryotic species, such as yeast. When yeast are deprived of
glucose, their basal ATP concentration decrease to less than 10% of their normal values
and V-ATPase is inhibited. Since glucose deprivation in PCF retains 30% of normal ATP
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content (Fig. 6), the glycosomal V-ATPase remains operational. However, under ATP
depletion by 2DG and NaN3, the residual ATP decreases to less than 10% of normal values
and V-ATPase becomes inhibited. It is interesting to note that under starvation conditions,
T. brucei still expend their remaining ATP storage for maintaining glycosomal pH, an
observation that emphasizes the importance of this organelle for cell survival.
To determine the proteins responsible for pH regulation, we also tested various
inhibitors for NHE (EIPA), V-ATPase (bafilomycin), and P-ATPase (vanadate) for effects
on glycosomal pH acidification response to starvation conditions. None of the inhibitors
had significant effects in isolation; however the combination of EIPA and bafilomycin
prevented the expected acidification response. This observation suggests that both NHE
and V-ATPases are required for glycosomal pH regulation. Since neither of these proteins
alone is enough to maintain normal function, requirement for dual transport proteins may
be a redundant mechanism for more robust responses to possible environmental changes.
An analysis of the recovery rate from acidification after the introduction of inhibitors
reveals a rate of alkalization similar to the rate that occurs during the reintroduction of
glucose after a period of starvation. This observation suggests that the glycosome may
revert back to normal pH not by the activation of alternate protein channels, but by
inactivating the ones responsible for acidification. These results are different from other
eukaryotic species which rely on a combination of peroxisomal F-type ATPase and
membrane permeability to regulate pH. More studies must be done to fully understand the
glycosomal pH regulation process. However, our results strongly suggest that NHE and VATPases are involved in glycosomal pH regulation. While the experiments presented were
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performed with the PCF insect stage of the parasite, the mammalian BF stage exhibits an
even greater reliance on glucose, as it is the sole metabolite used for ATP generation. Both
forms of the parasite utilize similar pH-dependent enzymes, e.g. hexokinase, and may
require similar pH regulation mechanisms. Further investigation of these proteins and its
role in the infectious BF stage may lead to potential therapeutics that operate by selectively
interfering with the trypanosome’s ability to regulate glycosomal pH.

3.6
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CHAPTER FOUR
Monitoring of Cellular Glucose in Live Trypanosoma brucei
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4.1

ABSTRACT
Glucose uptake and metabolism play a major role in the lifecycle (or survival) of

the parasitic protozoan, Trypanosoma brucei that alternates between a mammalian host and
an insect vector. Here we describe a method to quantify intracellular glucose levels in both
the mammalian bloodstream (BSF) and insect or procyclic stage (PCF) of the parasite using
a constitutively expressed protein-based biosensor (FlipGLU 600µ-Δ13). Using this
platform we were able to accurately quantify the glucose concentration in live cells and to
report the changing metabolite levels under different environmental conditions. PCF and
BSF cells maintain a glucose concentration of 230 ± 50 and 530 ± 50 µM respectively
under normal growth conditions. When starved for glucose, PCF glucose levels drop to 40
µM over 30 min. BSF cells under starvation exhibited a more rapid response, decreasing
to the same concentration over 20 min. The reintroduction of the cells to 10 mM glucose
resulted in the increase of cytosolic glucose levels back to the initial steady state over 20
and 10 minutes for PCF and BSF, respectively. The specificity of glucose uptake through
membrane proteins was also investigated by measuring the change in cytosolic glucose of
cells in incubation buffer containing 10 mM 2-deoxy-D-glucose, fructose, galactose and
mannose in addition to 10 mM glucose. In both PCF and BSF cells, the competition with
2-deoxy-D-glucose and fructose resulted in a decrease of cytosolic glucose by 35%, while
mannose decreased the concentration by 15%. The addition of galactose did not have any
affect. These studies demonstrate that T. brucei expressing protein-biosensors can serve as
a platform for non-invasive monitoring of essential metabolites to provide additional
information on cellular uptake and metabolism.
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4.2

Introduction
Trypanosoma brucei are parasitic protozoa of the order Kinetoplastida and is

responsible for African trypanosomiasis in humans and nagana in cattle. Trypanosomes
have two major developmental stages in their life cycle; the bloodstream form (BSF) in the
mammalian host, and the procyclic form (PCF) in the insect vector [1]. BSF cells are
exposed to a constant and high (5 mM) supply of glucose from the mammalian host. Due
to the absence of a mitochondrial respiratory chain and Krebs cycle in this parasite form,
BSF parasites depend entirely on the conversion of glucose to pyruvate for ATP generation
[2]. PCF parasites, however, are not exclusively dependent on glucose and can utilize
proline and other amino acids for energy metabolism [3]. In both forms, the study of
glucose uptake is of considerable interest. Since BSF energy metabolism is entirely
dependent on trafficking and concentrating external glucose to glycosomes, the ability to
monitor changes in glucose uptake in response to different environmental conditions and
treatments could facilitate therapeutic developments. PCF parasites are regularly exposed
to changes in glucose and amino acid availability during the digestion of blood proteins by
the insect vector. The ability to monitor glucose uptake can allow for a better understanding
of adaptation mechanisms to dynamic environments.
Previous studies of glucose uptake in trypanosomes have used either

14

C or 3H-

radiolabeled glucose [4,5], glucose analogues [6], or enzymatic detection with metabolic
glucose [7]. Although these methods can accurately measure the total glucose content in a
population, they are technically demanding and have significant limitations. To perform
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these measurements, a large population of cells must be collected and lysed. This results
in a lengthy process that cannot be used to examine a live cell’s metabolic behavior with
cellular or temporal resolution. A significant improvement to glucose uptake analysis
would be the ability to monitor glucose utilization rates in situ, non-destructively, and at
the cellular level with temporal resolution. Forster resonance energy transfer (FRET)
biosensors that take advantage of the responsiveness of fluorescent protein constructs to
the binding of individual analytes have been used in other cellular models to measure
metabolic functions in vivo [8,9], and are likely to be a promising platform for performing
non-invasive glucose monitoring in live T. brucei.

4.2.1 FlipGLU600µ-Δ13 Biosensor
In this paper, we report the adaptation of a protein-based biosensor, FlipGLU600µΔ13 (FlipGLU), for non-destructive cytosolic glucose quantification in live T. brucei. This
biosensor consists of enhanced cyan fluorescent protein (ECFP) and enhanced yellow
fluorescent protein (EYFP) pairs flanking a bacterial periplasmic-binding protein (PBP)
that binds glucose. PBPs constitute a large family of metabolite binding systems, and have
been commonly used as binding moieties in biosensor platforms [10,11]. These proteins
contain a high affinity, high specificity binding site located in the cleft between two
globular domains. Upon binding to a corresponding metabolite, (in this case, glucose), the
two domains engulf the substrate and undergo a hinge-twist motion that moves the termini
at the distal ends further apart [12–14]. When an ECFP/EYFP FRET pair is attached to the
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two termini, the ratio of the fluorescence from a single fluorophore to the FRET ratio
resulting from PBP conformational changes allows quantification of the glucose
concentration. This FlipGLU probe has been previously expressed in mammalian systems
for glucose monitoring [14,15].
To test the viability of this construct in T. brucei cells, we have constitutively
expressed FlipGLU in T. brucei PCF and BSF cells. We present data detailing internal and
external calibration of FlipGLU fluorescent signal with cytosolic glucose concentration,
and have applied this biosensor to evaluate the physiological level of cytosolic glucose
cells and its rate of change under starvation conditions, in both PCF and BSF cells. We
also investigated the specificity of T. brucei hexose transporters (THT) for glucose through
competition analysis with other hexoses. Together, this work constitutes proof-of-principle
for this glucose-monitoring platform. It may also be possible to perform measurements in
specific subcellular compartments by attaching peptide targeting sequences to the construct
for direct trafficking to specific organelles. Furthermore, other analytes of interest such as
metal ions, peptides, and other carbohydrates can be measured using the available variety
of PBP superfamily [16]. This approach would greatly simplify resource and time
requirements while allowing measurements to be performed with high throughput on live
cells and with subcellular and time resolution.

4.3

Materials and Methods
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4.3.1 Reagents
2-Deoxy-D-Glucose was obtained from Alfa Aesar. Amplex Red® Glucose Assay
Kit was obtained from Molecular Probes.

4.3.2 Trypanosome growth and transfection
PCF T. brucei (427 strain 29-13) were grown and maintained in SDM-79 [17]
supplemented with 10% under standard growth conditions (29C, 5% CO2), while BSF
parasites (427 strain 90-13) were cultured in HMI-9 medium containing 10% heatinactivated fetal calf serum at 37°C under 5% CO2. Cultures were always harvested prior
to entering stationary phase, i.e., at densities lower than 2 x 106 cells/mL for BSFs or 2 x
107 cells/mL for PCF cells, by centrifugation.
To

explore

cytosolic

glucose

concentrations,

constitutively

expressed

FlipGLU600µ-Δ13 was cloned and expressed in T. brucei from the expression vectors
pXS6 or pXS2. Expression in these vectors is driven from the T. brucei rRNA promoter,
typically yielding robust expression [18]. Constructs were transfected into BSF parasites
using the Amaxa Human T Cell Nucleofector Kit (Lonza, Basel, Switzerland) as described
[19], while constructs for PF expression were introduced by electroporation as described
[20].

4.3.3 Fluorescent Measurements and Glucose Calculation
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All fluorescent images were acquired on an inverted epifluorescence microscope
(Olympus IX71) using excitation wavelength of 430/25 nm (for enhanced cyan fluorescent
protein, ECFP) and 500/30 nm (for enhanced yellow fluorescent protein, EYFP) and
emission wavelength of 470/30 nm (for ECFP) and 535/25 nm (for EYFP). Förster
resonance energy transfer (FRET) was measured through excitation of ECFP (430/25 nm)
and emission of EYFP (535/25 nm). FRET ratios were calculated as the intensity of EYFP
emission divided by the intensity of FRET emission. FRET emission values were corrected
through background subtraction using non-expressing cells prepared under similar
conditions. Differential interference contrast (DIC) was used for transmitted light imaging.
In order to acquire images suitable for FRET analysis in live and rapidly moving
Trypanosomes, we utilize an ultra-high speed wavelength switcher and a sensitive EMCCD camera (Orca-Flash 4.0 camera, Hamamatsu). Control of all microscope components
and all imaging processing was done using Slidebook 5.5 (Intelligent Imaging Innovations).
Cells were imaged during incubation in Voorheis’s modified PBS (mPBS; 137 mM NaCl,
3 mM KCl, 16 mM Na2HPO4, 3 mM KH2PO4, pH 7.6)[21], with additional glucose
concentration as defined by individual experiments. Fluorescent background signals were
determined from the average intensity of cell-free regions and were subtracted from each
image. Dead cells were distinguished by morphology and motility and excluded from live
cell analysis. Statistical analysis of the emission ratios was performed with a sample size
of 30-60 cells to calculate 95% confidence intervals based on a normal distribution. To
verify normal distribution, data obtained were compared to the expected values for a
normal distribution by chi-squared analysis with > 95% confidence.
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In vitro calibration was performed with FlipGLU600µ-Δ13 protein released from
the cytosol by cell lysis through sonication (2s continuous duration, 45% amplitude,
Fischer Scientific Sonic Dismembrator) in mPBS or by washing cells into DI water. Cell
debris was collected and removed by centrifugation, leaving the buffer containing the
protein sensor. The sensor was then introduced to glucose solutions of concentrations
between 1 µM and 10 mM. For each concentration, the FRET ratio was calculated as
mentioned previously and correlated to the known glucose concentration to generate a
calibration curve.
In vivo calibration were performed using cells incubated in mPBS containing 0 to
20 mM glucose for up to one hour. At each concentration, the FRET ratio of the protein
sensor was measured similar to in vitro measurements. The FRET ratio was correlated to
the cellular glucose concentration of the same sample of cells measured at the same time
using Amplex Red® Glucose Assay Kit (Molecular Probes). The glucose concentration per
cell was determined by dividing the total glucose content, as measured by the glucose assay
kit, divided by the total number of cells, and divided by the average volume of a cell (17
µM3) as determined elsewhere [22,23].

4.3.4 Starvation and Competition Analysis
For glucose starvation analysis, FlipGLU transfected PCF and BSF cells were
collected at 5 x 107 cells/ml, washed three times by centrifugation (750 RPM, 5 min) and
resuspended in mPBS buffer containing 0 to 20 mM glucose with a final cell concentration
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between 1 x 108 and 1 x 109. Cells were incubated for 45 min (PCF) or 30 min (BSF), the
minimum time required for the cytosolic glucose concentration to reach steady state values.
The glucose concentration of the cells was calculated by FRET analysis as mentioned
previously and compared to cells grown under growth media (SMD-79 for PCF and HMI9 for BSF). For time chase starvation analysis, cells in mPBS with 10 mM glucose were
placed into a microscopic perfusion chamber and the initial FRET ratio was recorded. The
media in the perfusion chamber was exchanged with glucose-free mPBS and the change in
FRET ratio of the cell was recorded at 5 minute intervals until no more changes were
detected. The buffer was then replaced with mPBS containing 10 mM glucose and the
changes in FRET ratio was measured again to monitor glucose recovery in the cells.
The hexose competition analysis was performed on PCF and BSF cells resuspended
in mPBS by centrifugation, as described above. Cells were incubated for no longer than 45
minutes in mPBS containing no hexoses, 10 mM glucose, or 10 mM glucose in the presence
of 10 mM of either 2-deoxy-D-glucose (2-DOG), D-fructose, galactose, or mannose. The
cytosolic glucose concentration was measured by ratiometric analysis of FlipGLU FRET
sensor, as described previously.

4.4

Results and Discussion

4.4.1 FlipGLU600µ-Δ13 fluorescent properties
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For in vivo characterization of glucose levels, parasites were transfected and imaged
microscopically by excitation at 430 nm for ECFP and FRET, and 500 nm for EYFP.
Acquired emission intensity images from EYFP and FRET were then overlaid and the
FRET ratio was calculated on a pixel by pixel basis. Figure 4-1 shows the FRET emission
of PCF and BSF under 430 nm excitation and 535 nm emission. FlipGLU expression
appears uniform throughout the cytosol and is excluded from the nucleus, likely due to its
large molecular mass preventing transport across the nuclear membrane.

Figure

4-1:

FlipGLU600µ-Δ13

expression in PCF and BSF T. brucei.
DIC (TOP), FRET emission (MIDDLE)
and EYFP (500 nm ex. / 535 nm em.) to
FRET (430 nm ex. / 535 nm em.) ratio
(BOTTOM) are shown for PCF (LEFT)
and BSF (Right) cells in growth media.
Cells shown were grown under normal
culture conditions in SDM-79 media.
Ratiometric images were background
subtracted. Pseudocoloring of blue and red
represents low and high EYFP to FRET
ratio respectively.

The emission of EYFP, ECFP, and FRET of the transfected cells in growth media
are shown in Figure 4-2. Analysis of the relative emission intensity reveals an approximate
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Figure 4-2: Spectral properties of transfected FLIPGlu600µ-Δ13 in T. brucei. The emission
of EYFP (500 nm ex. / 535 nm em.), ECFP (430 nm ex. / 470 nm em.), FRET (430 nm ex. / 535
nm em.), and EYFP to FRET ratio (right axis) of FlipGlu transfected T. brucei PCF and BSF are
shown. Measured values are from cells incubated in normal culture conditions in SDM-79 media.
Error bars represent the standard error of mean from n>25 samples.

EYFP:ECFP:FRET ratio of 9:1:5 and 14:1:7 for PCF and BSF respectively. The emission
intensity of EYFP was approximately 9 to 14-fold greater than ECFP emission, likely due
to the quenching of ECFP by EYFP. Because of this, our ratiometric measurements were
calculated from the ratio of EYFP to FRET for maximum sensitivity, with an increase in
FRET ratio correlating to an increase in glucose concentration. EYFP emission is
unaffected by glucose, while the FRET emission decreases as [Glc]cyt increases due to
conformational changes in the PBP domain of the protein construct. Our in vitro calibration
of the protein verified the linear response to be between 10 and 1000 µM, consistent with
values previously measured in mammalian cells[14,24]. Ratiometric analysis of the entire
cell shows an overall even distribution of glucose concentration near the edges, with a
slightly higher ratio corresponding to the relatively thicker areas of the cell, e.g. near the
cell center. The ratio of FlipGlu is measured to be higher in BSF (2.0) than in PCF (1.7),
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likely because BSF cells maintain a greater cytosolic glucose concentration, as glucose is
both essential for survival in BSF and because HMI-9 growth media contains a four-fold
greater glucose concentration than in SDM-79.

4.4.2 Sensor Calibration
In order to achieve an accurate quantification of cellular glucose, the FlipGLU
EYFP to FRET emission ratio must be calibrated to known concentrations of glucose. We
first performed a calibration in vitro by titrating known concentrations of glucose to a
solution containing the protein sensor. The sensor was prepared from transfected T. brucei
by cell lysis using a sonicator. The cell debris was removed by centrifugation and the
solution containing the protein sensor was collected. The resulting solution was then
titrated with a range of glucose concentrations and the resulting EYFP to FRET emission
ratio was measured by fluorescent microscopy and compared to published values as a
benchmark (Fig 4-3a). We observe a sigmoidal FRET response of the FlipGLU construct
to increasing glucose concentration, with a linear range between 102 and 104 µM glucose.
These reported values are in a close agreement with those previously published for in vitro
studies of FlipGLU prepared from mammalian cells [14,15].
FRET measurements in vitro have complications that can compromise accuracy
when collecting quantitative data for in vivo analysis. For example, cell wall constituents
and cytosolic macromolecules can absorb or reflect light, or interact with the protein sensor
itself to introduce noise in experiments. Therefore, an in vivo calibration must also be
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completed to address these matrix affects for reliable cytosolic glucose measurements.
Initial attempts of an in vivo calibration proved to be difficult. Traditional methods of
membrane permeabilization by detergents such as digitonin resulted in a sharp decrease in
fluorescent intensity, either due to degradation of the fluorophore itself or leakage from the
cellular compartment. Ultimately, in order to perform this calibration, we took advantage
of the fact that the [Glc]cyt of T. brucei is heavily influenced by the [Glc]ext of the
surrounding buffer [6,25,26]. It has been reported that the [Glc]cyt can range between 0 and
300 µM when incubated in buffer containing 0 to 10 mM glucose [27]. By measuring the
glucose concentration of cells incubated in external buffers of varying glucose
concentrations, we can correlate the internal glucose value to the measured FRET ratio for
an in vivo calibration. This strategy ensures that we cover the range of [Glc]cyt that could
occur naturally in T. brucei.
Figure 4-3b (solid line) shows the results of an in vivo calibration of the FlipGLU
biosensor in PCF cells. This was performed by comparing the measured FRET ratio values
of live intact cells with its [Glc]cyt. The cell’s glucose concentration was determined by an
Amplex Red glucose assay, which enzymatically measures lysed cell extracts (from a bulk
cell solution) sampled from the same cells at the same time as the FRET measurements.
The [Glc]cyt of an individual cell was calculated based on the total glucose
concentration of the sample, the number of cells in the sample, and the estimated volume
per cell. The relationship between [Glc]ext (right Y-axis) and [Glc]cyt as determined by the
Amplex Red glucose assay is represented by the dotted line in Figure 4-3b. Incubation of
T. brucei in buffer containing 0 to 5 mM [Glc]ext resulted in a stable [Glc]cyt of

112

F lip G L U E Y F P /F R E T R a t io

F l ip G l u L y s a t e C a l ib r a i o n

A

2 .4

2 .2

2 .0

1 .8

1 .6

1 .4
1

10

100

1000

10000

c oFslip
e C
n tr
M
C y to G
s olulic
G olun c
Inete
r naat io
l Cna (lib
r a) tio n 3

B
E Y F P / F R E T R a t io

20

FRET

R a t io

[G lu ] e x t

2 .0

15

1 .8

10

1 .6

5

1 .4

0
0

100

200

300

400

E x t e r n a l G lu c o s e ( m M )

2 .2

500

C y to s o lic G lu c o s e (  M )

Figure 4-3: In vitro and in vivo calibration of cytosolic glucose in PCF T. brucei. (A) In vitro
calibration as measured by titrating FlipGLU600µ-Δ13 from lysed cells with mPBS containing
glucose concentrations 1-10000 µM. An increase in EYFP / FRET ratio represents an increase in
glucose concentration. (B) In vivo calibration as measured by Amplex Red® Glucose Assay and
correlated to FRET measurements from cells incubated in mPBS at [Glc]ext 0-20 mM (solid line).
Corresponding FRET and [Glc]cyt were measured using cells sampled from the same treatment and
time. The change in [Glc]cyt from increasing [Glc]ext is also shown (dotted line). Each data point is
an average of over 25 cells and the error bars represent the standard error of mean. While the values
represent data for FlipGLU in PCF cells, the same trend was observed for transfected BSF.

approximately 20 to 70 µM. However, when cells are introduced to [Glc]ext between 5 and
12.5 mM, a sharp increase of [Glc]cyt from 70 to 400 µM is observed. Further titration of
[Glc]ext above 20 mM results in a saturation of [Glc]cyt at approximately 470 µM, which is
likely close to the maximum [Glc]cyt obtainable through exposure to high [Glc]ext. The
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observed changes in [Glc]cyt is consistent with previous estimates of the range of internal
glucose concentrations in T. brucei in buffers of varying [Glc]ext [26,27]. We next
correlated the EYFP to FRET ratio (left axis) from our glucose sensor to the known [Glc]cyt
at each titration interval to generate an in vivo calibration curve (figure 4-3B, solid line)
that allows for the quantification of [Glc]cyt between 20 and 500 µM.

4.4.3 Glucose Starvation
Previous studies have shown that under glucose-deprived conditions, PCF T. brucei
respond by acidification of their glycosomes, the organelle that compartmentalizes
glycolysis [28,29] [Lin, et al. unpublished]. It has been hypothesized that PCF cells are
able to use this pH regulation to activate or inactivate specific metabolic processes in
response to changing environmental conditions [30]. BSF cells, however, rely solely on
glucose for energy metabolism and do not undergo glycosomal acidification; glucosedeprivation of BSF cells quickly results in death [31]. Due to the importance of glucose as
a biological metabolite for T. brucei, the ability to monitor intercellular glucose in live cells
can offer insight into kinetoplastid biological processes. However, while there have been
studies on the effect of [Glc]ext on glycosomal pH and glucose influx rate, internal glucose
concentrations have never been directly measured in vivo. A decrease in internal glucose
concentration as a result of a decrease in [Glc]ext was either assumed, determined by
computer modeling, or probed by destructive bulk in vitro methods [26,27,32][Lin, et al.
unpublished]. Unlike these previous methods of glucose monitoring, our FlipGLU protein
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sensor offers a major advantage in that it allows for quick, sensitive, and quantitative
measurements of [Glc]cyt in live T. brucei with single-cell and temporal resolution, and can
serve as an invaluable tool to help researchers better understand glucose uptake and its
effect on the T. brucei biological system.
In order to demonstrate that the biosensor is capable of monitoring changes in
cytosolic glucose, we used the FlipGLU construct to quantify [Glc]cyt in both PCF and BSF
trypanosomes that were exposed to different glucose concentrations. Cells transfected with
FlipGLU were incubated in mPBS containing 0 to 20 mM glucose and compared to cells
under normal growth conditions (Fig. 4-4). PCF and BSF cells were incubated for 45 and
30 minutes respectively to allow for the [Glc]cyt to reach steady state, followed by
measurement of the FlipGLU EYFP to FRET emission ratio and correlation with our in
vivo calibration (Fig 4-3b), to yield quantification of [Glc]cyt under these conditions. Cells
grown in media were exposed to a constant supply of 5.5 mM [Glc]ext for PCF in SDM-79
and 20 mM [Glc]ext for BSF in HMI-9, based on standard media composition. The [Glc]cyt
of the cells under these conditions was 230 ± 50 and 530 ± 50 µM, respectively. The [Glc]cyt
of PCF cells was much lower than BSF cells under media growth conditions, possibly due
to the lower [Glc]ext environemnt in SDM-79. This lower concentration of [Glc]ext is
suitable for PCF cells as they also utilize amino acid metabolites such as proline (which
SDM-79 also contains) for ATP production, whereas BSF cells rely exclusively on glucose
and therefore require a higher [Glc]ext environment.
When both PCF and BSF cells were placed into mPBS containing no glucose, the
[Glc]cyt of both PCF and BSF decreased to 40 µM, and only exhibited a modest increase
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Figure 4-4: The cytosolic glucose concentration of T. brucei as affected by external glucose
concentration. Cells were incubated in normal growth media (PCF, SDM-79, 5.5 mM glucose;
BSF, HMI-9, 20 mM glucose) or mPBS containing 0-20 mM glucose for 45 min (PCF) and 30 min
(BSF) to allow for the cytosolic glucose to reach steady state values. Cells were measured under
fluorescent microscopy for EYFP / FRET ratio and correlated to an in vivo calibration for cytosolic
glucose quantification. Data were obtained from N > 25 cells and the error bars represent the
standard error of mean.

to ̴ 100 µM when incubated under < 5 mM [Glc]ext. At this [Glc]ext, the rate limiting step
that determines the maximum [Glc]cyt is solely dependent on the rate of glucose transport
across the plasma membrane. Because the cell rapidly converts glucose into metabolites,
the steady state [Glc]cyt remains low [26,32]. Above [Glc]ext of 5 mM, the rate limiting step
for glucose influx, and consequently the effect on the maximum [Glc]cyt, is determined by
either the rate of glucose phosphorylation by hexokinase [26,27], or the rate of glucose
transport over the glycosomal membrane [33,34]. In either case, above 5 mM [Glc]ext the
influx of glucose through the cellular membrane is greater than the rate of metabolism,
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resulting in a buildup of [Glc]cyt following Michaelis-Menten kinetics. Therefore, a much
larger [Glc]cyt was observed with cells incubated in buffer containing > 5 mM [Glc]ext. At
10 mM and 20 mM [Glc]ext, the PCF [Glc]cyt was 320 and 475 µM, and the BSF [Glc]cyt
was 431 and 508 µM respectively.
It is interesting to note that BSF [Glc]cyt was observed to be higher than PCF [Glc]cyt
even at the same [Glc]ext, most notably in cells incubated at 10 mM [Glc]ext. This is likely
a result of greater glucose influx rates since BSF cells have been reported to contain 40fold higher hexose transporter expression compared to PCF cells [35]. Cells incubated at >
20 mM [Glc]ext did not exhibit a further increase in [Glc]cyt, resulting in a maximum glucose
concentration of approximately 500 µM for both T. brucei life stages. These reported
values from our FlipGLU sensor during incubation with buffer containing the 0 – 20 mM
[Glc]ext range are consistent with previous reports [26,27,32].
PCF incubated in SDM-79 growth media are exposed to 5.5 mM glucose, but
maintains a greater [Glc]cyt than when incubated in mPBS with the same [Glc]ext. It has
been reported that cells grown in the presence of proline, an alternate source of metabolic
energy, result in a decrease in hexokinase activity by a factor of 2.4 when compared to cells
grown exclusively in glucose [32]. Since PCF growth media contains proline, this may
result in a greater concentration of cytosolic glucose than in cells incubated in buffer
containing only glucose due to the slower rate of glucose consumption. Further studies on
the effect of proline metabolism on glucose uptake would be necessary.
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Figure 4-5: Time chase of T. brucei cytosolic glucose concentration during glucose starvation.
BSF and PCF cells were equilibrated in mPBS with 10 mM glucose for the initial measurement
(time = 0 min) following buffer exchange into glucose-free mPBS. After stabilization of cytosolic
glucose, cells were reintroduced into 10 mM glucose mPBS as noted by the arrows (PCF – 25 min;
BSF – 35 min). Data were obtained from N > 50 cells and the error bars represent the standard error
of mean.

The use of FlipGLU as a biosensor offers a significant advantage compared to
previously used methods due to its ability to quantify glucose concentration
nondestructively in live cells with temporal resolution. To demonstrate this, we conducted
a time-chase experiment to monitor [Glc]cyt during glucose deprivation in both PCF and
BSF cells (Fig. 4-5). To our knowledge, this is the first ever real-time quantification of a
cellular metabolite in live T. brucei. Cells were first incubated in 10 mM glucose mPBS
for 45 minutes in a microscope perfusion chamber until stabilization of [Glc]cyt occurred.
An initial measurement was taken at 0 minutes, followed by a buffer exchange with
glucose-free mPBS. Continual monitoring of the glucose sensor revealed that, during
glucose starvation, PCF [Glc]cyt decreased from 315 µM to 80 µM over 35 minutes. In
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comparison, BSF [Glc]cyt decreased from 450 µM to 80 µM over 20 minutes, suggesting
that the glucose metabolic rate in BSF may be up to 3-fold greater than in PCF. After the
[Glc]cyt stabilized under glucose deprivation, the incubation buffer was exchanged back
into 10 mM glucose mPBS, allowing for the measurement of glycolytic flux. In both PCF
and BSF, the [Glc]cyt rapidly increased over 10 minutes to a maximum value of 380 and
510 µM respectively.
These results support previous studies suggesting that the BSF metabolic rate and
glucose uptake is greater than in PCF cells [26,32]. Additionally, BSF cells have a much
greater degree of regulation in response to changes in glucose availability than in the PCF
life stage [36]. During low glucose conditions, PCF cells can convert to proline metabolism.
However, in the BSF, the cell’s only option is to increase glucose uptake through upregulation of hexose carrier recruitment [32,37]. As a result, the glucose influx rate of BSF
cells are greater than in PCF upon reintroduction of glucose.
Interestingly, the [Glc]cyt in both PCF and BSF was observed to increase
approximately 60 µM above the cell’s initial value before returning to steady state values.
In both life stages, it has been shown that glucose metabolism follows the principle of
maximum energy efficiency [32], i.e., glucose transport over the plasma membrane is
aimed at exactly saturating the capacity of the glucose-metabolizing system without
creating unnecessary excess. This may explain why a temporary increase of [Glc]cyt above
the initial steady state levels was observed during reintroduction of the cells to the same
initial [Glc]ext of 10 mM. The cell’s starvation response triggers an increase in the
recruitment of membrane carriers responsible for glucose mediated uptake [26]. Once the
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[Glc]cyt reaches an optimum concentration for metabolic activity, a down regulation of
glucose transporters occur, gradually returning [Glc]cyt to normal steady state values.

4.4.4 Hexose Competition
Of considerable interest in T. brucei metabolism is the method by which glucose is
taken up by the cell. The principle hexose transporter, T. brucei hexose transporter 1
(THT1) in BSF and T. brucei hexose transporter 2 (THT2) in PCF, has been well
characterized at both the biochemical [25,38] and molecular levels [35,39]. It is likely that
glucose transport is mediated by these carriers alone, as there have been no evidence of
more than one hexose membrane carrier in T. brucei [32]. Furthermore, these trypanosomal
transporters have differences from mammalian glucose transporters (GLUTs), such as a
greater affinity for D-glucose, ability to transport D-fructose and other hexose analogues,
and sensitivity to a variety of inhibitors [40]. These characteristics are of potential interest
for therapeutic design, since they may allow for potential drugs to be selectively targeted
for uptake by trypanosomes while leaving the mammalian host unaffected. Previous studies
on the specificity of hexose transporter and its susceptibility to inhibitors relied on a time
consuming processes using radiolabeled substrates or non-quantifiable methods using
simple fluorescent glucose analogues [37,41,42]. We utilized our transfected FlipGLU
cells to observe the hexose specificity of THT1 and THT2 by monitoring and quantifying
the [Glc]cyt of live T. brucei PCF and BSF cells during incubation with glucose and other
sugars.
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We first confirmed the specificity of the protein sensor itself with glucose. PCF
cells transfected with FlipGLU were washed and placed into glucose-free mPBS buffer
and lysed by sonication to expose the protein sensor to the surrounding buffer. The cell
debris was spun down by centrifugation and removed. The buffer containing the protein
sensor was then divided into well plates and introduced to a final concentration of 1 mM
glucose, 2-deoxyglucose (2DOG), fructose, galactose, or mannose. The ratiometric
emission of EYFP to FRET was measured using fluorescent microscopy to determine the
response of the protein sensor to various hexoses (Fig 4-6). Similar to previous reports
[14,15], FlipGLU responded only to glucose and galactose; the addition of these hexoses
resulted in an increase of EYFP to FRET emission ratio from 1.7 (the ratio at which no
glucose is present), to 2.1, while addition of other sugars resulted in no change in observed
FlipGLU signal. This data suggests that the PBP domain is highly specific for glucose and
galactose.

Figure 4-6: FlipGLU600µ-Δ13 hexose
specificity. FlipGLU from lysed cells was
placed into buffer containing 1 mM of the
hexose indicated. The EYFP to FRET
ratio

was

measured

by

fluorescent

microscopy. Data were obtained from N >
25 cells and the error bars represent the
standard error of mean.
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Figure 4-7: Hexose competition effect on T. brucei cytosolic glucose concentration. PCF and
BSF cells were incubated for 30-45 minutes in mPBS containing no glucose, 10 mM glucose, or 10
mM glucose and the indicated competing hexose. The cytosolic glucose concentration was measured
by ratiometric analysis of FlipGLU FRET sensor with fluorescent microscopy. Data were obtained
from N > 50 cells and the error bars represent the standard error of mean.

We next used our transfected cells to monitor the change in [Glc]cyt during
incubation in glucose buffer containing a competing hexose. As shown in figure 4-7, PCF
and BSF cells were placed in mPBS containing either no sugars, 10 mM glucose, or 10
mM glucose combined with 10 mM of either 2-DOG, fructose, galactose, or mannose for
one hour before measurement. Similar to the results reported in figure 4-4, PCF [Glc]cyt
was lower than in BSF (345 µM versus 445 µM) when incubated in buffer with 10 mM
glucose. The addition of an equal amount of 2-DOG and fructose resulted in a decrease of

122

[Glc]cyt in both PCF and BSF by ca. 35%, while the addition of mannose resulted in a
smaller but also significant decrease in the [Glc]cyt of both life stages by ca. 15%. The
addition of galactose did not alter the measured [Glc]cyt. However, the data for galactose
competition is inconclusive due to FlipGLU sensor’s affinity for galactose because there is
no way to distinguish between glucose and galactose analytes. THT1 and THT2 hexose
recognition and transport capacity have been studied elsewhere and are consistent with our
results [25,35,37,40]. While our measurement for galactose competition is inconclusive
due to the FlipGLU sensor’s ability to also bind to this hexose, there have been previous
reports that neither THT1 or THT2 recognizes galactose [25,41].

4.4.5 Summary
We have successfully incorporated FlipGlu 600µ-Δ13 into T. brucei PCF and BSF
life stages. This glucose biosensor has been previously utilized in mammalian systems and
is able to quantify metabolite concentrations in situ with cellular and temporal resolution
in live cells. We have shown that the same advantages are possible in the trypanosoma
model as well. The [Glc]cyt of T. brucei was monitored during glucose starvation and
hexose competition, producing results consistent with previous studies. More importantly,
as compared with previous studies on intracellular glucose, measurements with this
biosensor were quantitative, non-destructive, faster, and much less technically demanding.
Furthermore, these constructs can potentially be attached to peptide targeting sequences
for metabolite measurements in specific subcellular compartments. Additionally, a variety
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of PBP exists that are specific to other bio-analytes of interest, such as maltose, ribose,
glutamine, histidine, ions, phosphates, sulphates and peptides [11,16,43]. The versatility
and robustness of FlipGLU constructs show great potential as a powerful analytical tool
that can greatly enhance future studies and therapeutic developments.

4.5
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CHAPTER FIVE
Cellular Imaging with Glucose-Modified Conjugated Polymer
Nanoparticles
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5.1

ABSTRACT
We report a simple co-precipitation method to prepare glucose-modified conjugated

polymer nanoparticles for use in cellular imaging. These new particles retain the physical
and fluorescent properties of bare conjugated polymer nanoparticles, including small size
and bright fluorescence, but incorporate surface glucose molecules that substantially alter
cell-surface binding and internalization. Hence, glucose-modified conjugated polymer
nanoparticles can serve as an intracellular probe to track glucose binding protein trafficking
within cells. Cellular images and glucose competition experiments in mammalian CHO
cells indicate that these glucose-modified nanoparticles bind to the cell surface using highly
specific interaction(s). Co-localization and antibody labeling experiments indicate that
although glucose-modified nanoparticles are observed in vesicles, they are not taken into
cells via caveolae or clathrin-mediated endocytosis, and are not trafficked to lysosomes.
Incubation of these nanoparticles into trypanosome models also results in vesicular uptake.
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5.2

Introduction
Glucose and other simple sugars are carbohydrates that play important roles in

many cellular processes. For example, protein-carbohydrate interactions have been known
to affect cell fertilization, cell migration (with corresponding implications for tumor
development and cancer progression) and many host-pathogen interactions.[1,2] In
addition, cancer cells take up more glucose than healthy cells, and increased glucose uptake
is used as a tumor marker.[3] Because of the many biological implications of glucose and
other carbohydrates, it is of considerable interest to be able to track protein interactions
with glucose in the cellular environment.
Methods of tracking glucose and glucose binding proteins have been developed for
use in tumor imaging, including the use of radioactive glucose mimics for positronemission tomography.[3] 2-deoxyglucose and other analogs have also been used to show
the incorporation of glucose into cells through a family of glucose transporter proteins
(GLUTs).[4–9] However, these methods are not sensitive enough to track the intracellular
trafficking of glucose or glucose binding proteins within cells. Here, we report a simple
and convenient method to prepare glucose-coated conjugated polymer nanoparticles
(CPNp) suitable for use in cellular imaging and single particle tracking. It is our expectation
that these nanoparticles can be used to visualize intracellular glucose and glucose binding
protein trafficking in live cells.
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5.2.1 Conjugated Polymer PFBT
The conjugated polymer poly[9,9′-bis(6′′-N,N,N-trimethylammonium)hexyl)fluorine-co-alt-4,7(2,1,3 benzothiadiazole)] (PFBT) forms small, extremely bright
nanoparticles when rapidly diluted from THF into water.

CPNps formed by this

reprecipitation method with PFBT have fluorescence that is 10-100X brighter than
similarly sized quantum dots or other luminescent nanoparticles and 1000X brighter than
Alexa fluorescent dyes.[10] These particles demonstrate no cytotoxic effects within
cells,[11] and are strong candidates for single particle tracking due to their small size and
bright fluorescence.[12]
We have previously demonstrated that the reprecipitation protocol can be modified
to prepare conjugated polymer nanoparticles with a surface coating. For example, when
amphipathic PEG-lipid is included in the aqueous solution used for polymer dilution, the
resulting CPNps incorporate the amphipathic molecule to both passivate and functionalize
the CPNp surface[13]. Here we modify that protocol to incorporate an amphipathic sugar
molecule (C8 β-D-glucosyl ceramide) on the CPNp surface. Briefly, PFBT stored at 1000
ppm in THF was diluted to 100 ppm in THF immediately before use. 500 µL of this diluted
polymer solution was added to 4.5 mL of an aqueous solution of C8 ß-D-Glucosyl
Ceramide (50 µg/ml in 20 nm filtered Deionized water) under mild sonication for 2 min.
The resulting solution was filtered through a 0.2 µm filter and THF was removed through
partial evaporation under reduced pressure.
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5.3

Results and Discussion

5.3.1 PFBT Nanoparticle Pulldown Verification
We first verified that our preparation method resulted in glucose ceramide
functionalized PFBT nanoparticles through a pulldown experiment using concanavilin A
(Con A) sepharose beads. Con A is a well-known lectin, a class of carbohydrate-specific
binding proteins that function in recognition between cells and proteins, and have been
widely used as a model system to understand protein-carbohydrate recognition.[14]
Importantly, Con A beads are known to have high specificity for glucosyl moieties.[15] As
part of this experiment, Con A beads were incubated with glucose-modified CPNps, as well
as bare (unmodified) CPNps. The beads were then subjected to a series of centrifugation
and washing steps to remove unbound nanoparticles, and the fluorescence of the beads was
measured.

Since sepharose beads have minimal fluorescence, significant observed

fluorescence under these conditions reflects binding of CPNps to Con-A. As shown in
Figure 5-1, the measured fluorescence of the Con A beads was ten-fold higher after
incubation with the glucose-modified PFBT nanoparticles than after incubation with bare
particles (Figure 5-1), reflecting incorporation of glucose into PFBT CPNps.

133

Figure 5-1: Pulldown comparison with bare and
glucose-modified CPNps. Con A coated sepharose beads
were separately incubated with glucose-modified CPNPs
for one hour followed by extensive centrifugation and
washing to remove unbound particles. The fluorescence of
the beads were recorded (dotted lines) and compared to
control experiments with con A sepharose beads similarly
incubated with bare CPNps (solid lines).

5.3.2 Live Cell Imaging With CPNPs in CHO Cells
Once we had established that glucose was incorporated onto the nanoparticle
surface, we carried out a series of live cell imaging experiments to observe the interaction
of these nanoprobes with cells. We chose to use the extensively studied Chinese Hamster
Ovary (CHO) cells in these experiments. These cells have a low level of constitutive
macropinocytosis and require interaction with cell surface receptors to prompt significant
uptake of extracellular material. As shown in Figure 5-2, incubation of CHO cells with
glucose-modified PFBT nanoparticles on ice results in clear localization of PFBT
fluorescence on the cell surface (Figures 5-2C and D) while little association of bare CPNps
with the cell surface can be observed under similar conditions (Figures 5-2A and B.)
Presumably, binding of glucose-modified PFBT CPNps to the cell surface reflects
interaction with glucose binding proteins present on the cell membrane. However, since
incubation on ice, as carried out here, does not allow active uptake via energy-dependent
endocytosis to occur[11], membrane-bound glucose-modified CPNps are not taken into the
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Figure 5-2: Epifluorescent images
of PFBT Np binding and uptake in
CHO

cells.

(A,B)

DIC

and

fluorescence of bare CPNps after 30
min incubation on ice; (C,D) DIC and
fluorescence

of

glucose-modified

CPNps after 30 min on ice; (E,F) DIC
and fluorescence of glucose-modified
CPNp uptake after an additional 1 h
incubation at 37ºC. All incubations
used 1 nM (2 ppm) CPNp in glucoseadded Ringer’s Buffer (RB; 155 mM
NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM
MgCl2, 2 mM NaH2PO4, 10 mM
glucose, 10 mM HEPES, pH 7.2-7.4).
Images were collected with λex = 494
nm/λem = 531 nm. Scale bars are 25
µm.

cell under these conditions, but remain on the cell surface, where they are easily visualized.
In contrast, bare CPNps do not interact with glucose binding proteins on the cell surface.
To image uptake and trafficking of surface bound glucose-modified CPNps, we
carried out experiments in which the incubation temperature was raised to the physiological
range. Briefly, CHO cells were incubated with modified and unmodified PFBT CPNps on
ice, extensively washed to remove unbound CPNps, and then incubated at 37ºC for one
hour to allow internalization of bound particles. Figures 5-2E and 2F show images of cells
incubated with glucose-modified CPNps under these conditions. Very little remaining cell
surface fluorescence is evident in these images, while significant localized regions of
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intracellular fluorescence can be observed in what appears to be intracellular vesicles,
reflecting uptake of membrane-bound particles. No corresponding uptake of bare particles
can be observed under the same conditions (data not shown). Indeed, fluorescence of CHO
cells incubated with glucose-modified particles was 20-fold higher than that observed for
bare particles (Figure 5-3). These experiments demonstrate that there are significant
differences in cellular membrane interaction and uptake between glucose-modified and
bare CPNps.

Figure 5-3: Flow cytometry histogram of
bare and glucose PFBT uptake after final
incubation in CHO cells. Cells are incubated
with glucose modified and bare CPNps as
described in figure 5-2. The cells were then
copiously washed and suspended in RB. Flow
cytometry experiments were carried out on a
fluorescence activated cell sorting machine at
495 nm excitation. Flow histograms represent
fluorescent signals from 10,000 live cells.

5.3.3 Live Cell Imaging With CPNPs in T. brucei Cells
We also wanted to assess whether our nanoparticles could be incorporated into
trypanosome cell models. Using the same incubation protocol, we introduced glucose-
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modified CPNps into PCF cells on ice and at 27 ºC to observe surface binding and uptake
in PCF cells (Fig. 5-4). Similar to mammalian cells, PCF cells incubated on ice exhibit
strong membrane binding, with a greater concentration at the flagella (Fig 5-4A and B).
This is consistent with previous studies showing a greater concentration of glucose
transporters in the flagella of trypanosomes[16]. When the incubation temperature was
raised to physiological range, the membrane-bound nanoparticles become internalized (Fig
5-4C and D). The flagella-bound CPNps, however, remain bound and may be a
consequence of the large size (>60 nm) preventing entry into the cell.
When these nanoparticles were taken up by BSF cells, only a single large punctate
vesicle was labeled, consistent with endocytic uptake (results not shown). This may suggest
that BSF cells take up glucose by an alternate pathway which may be affected by the

Figure 5-4: Epifluorescent images of PFBT Np binding and uptake in T. brucei cells. (A,B)
DIC and fluorescence of glucose-modified CPNps after 30 min incubation on ice; (C,D) DIC and
fluorescence of glucose-modified CPNps after an additional 1 h incubation at 27ºC. All incubations
used 1 nM (2 ppm) CPNp in glucose-added mPBS. Images were collected with λex = 494 nm/λem =
531 nm.
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nanoparticles size. Since BSF cells exhibit a thick coat of VSG, glucose uptake may occur
exclusively through the flagellar pocket. However, since glucose it attached to a large
cargo, the nanoparticle may ultimately become trapped in the flagellar pocket or lysosomal
compartment. More experiments must be done to assess the effect of nanoparticle size on
uptake by T. brucei.

5.3.4 PFBT Nanoparticle Size Distribution Analysis
Differences in cellular uptake and trafficking have been observed for nanoparticles
of similar composition but differing size[17]. To rule out the possibility that the differences
in uptake between glucose-modified and bare CPNps reflect size differences rather than
glucose interactions with the cell surface, we used dynamic light scattering (DLS)
measurements to examine the size of both glucose-modified and bare PFBT CPNps.
Glucose-modified particles have a z-average diameter of 46±3 nm (PDI = 0.22±0.03),
versus a value of 43±2 nm (PDI = 0.22±0.3) for bare particles. Size similarity between
glucose-modified and bare particles was further verified by transmission electron
microscopy (TEM) analysis (Figure 5-5).
According to these images, the glucose-modified particles have a size distribution
of 25 to 55 nm diameter and maintain a spherical morphology, similar to previous TEM
images of bare CPNps.[18] Absorbance spectra and quantum yields for glucose-modified
particles are also not significantly different than that previously reported for bare
nanoparticles[10]. Hence, glucose-modified CPNPs retain the physical and fluorescent
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properties of bare particles, and differences in cellular uptake presumably reflect
interaction of glucose with the cell rather than differences in particle size.

Figure 5-5: Representative TEM image and size distribution of glucose-modified CPNps.
Particles were prepared by dispersion into 20 nm filtered DI water at 2 ppm followed by dropcasting
on carbon meshed copper wire. TEM images (left) were acquired at 120 kV on a cryostage at liquid
nitrogen temperature and are shown at 120,000 magnification. Scale bar is 500 nm. Size distribution
histogram (right) is fit to a Gaussian function for glucose-modified PFBT Nps showing the average
diameter to be 42±8 nm.

5.3.5 PFBT Nanoparticle Cell Surface Binding Analysis
To determine whether nanoparticle binding to the cell surface occurs via
nonspecific or specific molecular recognition, a glucose competition study was carried out.
If the binding of glucose-modified CPNps to the cell surface is based on specific glucose
recognition, the presence of free glucose in the buffer will compete with glucose-modified
particles and decrease observed binding[19], as evidenced by reductions in cell-associated
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Figure 5-6: Sugar dependent inhibition of Glucose-modified CPNp binding to CHO cells.
Cells were incubated with 10 ppm CPNp and 10mM of the respective sugar for 1 hour on ice, and
fluorescence intensities were measured by flow cytometry. Each measurement is the mean of three
independent measurements of 10000 live cells. The control reflects the fluorescence of bare CPNps.
Error bars are ± s.d. Glucose treatment is significantly different by ANOVA (p < 0.05).

CPNp fluorescence. A comparable effect will not be observed for other sugars.

We

incubated glucose-modified CPNps with CHO cells on ice in the presence of glucose and
each of mannose, fructose and deoxyglucose. As shown in Figure 5-6, the cell-associated
fluorescence of glucose-modified nanoparticles decreases significantly (p= .003) in the
presence of added free glucose, as measured by flow cytometry. However, no difference
in cell-associated CPNp fluorescence was observed in the presence of other added sugars.
This result suggests that the interaction of glucose-modified CPNps with the CHO cell
surface involves binding modes that are highly specific for glucose.
The specific binding observed with glucose-modified particles likely reflects
interactions with membrane proteins, possibly glucose transporter (GLUT) receptors or
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lectins. GLUTs are members of the major facilitator superfamily (MFS) of membrane
proteins and are responsible for the transport of simple carbohydrates.[5] These isoforms
are known to transport sugars actively and passively and are vital for many cellular
processes.[20] Notably, carbohydrates can still be recognized by GLUT proteins even after
the addition of bulky groups.[21] CHO cells are known to express an abundance of the
GLUT1 isoform, which is highly selective for glucose over other simple carbohydrates.[19]
Furthermore, the C3 position of glucose is the site primarily responsible for GLUT receptor
recognition.[22] Importantly, the glycolipid used here for CPNp modification uses a
ceramide tail attached at the C1 position, leaving C3 unhindered and available for
recognition by GLUT1. Lectin proteins exist in abundance on the surface of cells and are
responsible for recognizing and binding to a variety of carbohydrates for internalization or
eliciting cellular responses[14], and may therefore also be responsible for the observed
binding.

5.3.6 PFBT Nanoparticle Cell Uptake Analysis
During cellular uptake of extracellular materials, interaction with individual
receptors or surface proteins on cell surfaces prompts uptake by specific biological
mechanisms that in turn, determine intracellular trafficking. Hence, comparisons of the
intracellular localization of glucose-modified CPNps and cellular probes with known
uptake mechanisms provide information about mechanisms of particle entry. Dextran dye
conjugates are known to be taken up via endocytosis (predominantly by macropinocytosis)
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Figure 5-7: Confocal images of glucose-modified CPNp colocalization in CHO cells. (A,D,G)
CPNp nanoparticle after 30 min incubation on ice followed by one hour incubation at 37ºC; (B) TRdex fluorescence (λex = 575 nm/λem = 624 nm) from overnight incubation; (E, H) Alexa Fluor 647
(λex = 650 nm/λem = 675 nm) secondary conjugate for caveolin and clathrin respectively; cells were
immediately fixed after one hour incubation with Glucose-modified CPNps, detergent
permeabilized, and stained with anti-caveolin and anti-clathrin heavy chain primary antibody
respectively. (C,F,I) Merged image. Scale bars are 10 µm.
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and accumulate in lysosomes.[11] As a result, localization of fluorescence in intracellular
regions containing dextran-conjugated dyes is indicative of nanoparticle trafficking to the
lysosome. We treated CHO cells with Texas-Red dextran (TR-dex) overnight, and then
incubated treated cells with free glucose and glucose-modified CPNps on ice. After
extensive washing to remove unbound probes, cells were incubated for an additional hour
at 37ºC to allow uptake of surface-bound particles, followed by imaging. Some colocalization of CPNp and Texas red fluorescence is observed and expected here, reflecting
a low constitutive rate of nonspecific endocytic uptake. However, as shown in Figure 57A-C, the bulk of observed glucose-modified CPNp fluorescence is observed in cellular
regions that do not contain Texas red dextran, indicating that the majority of the particles
are not delivered to lysosomes. Since nonspecific endocytic processes are expected to
deliver endosomal contents to lysosomes on a timescale much shorter than the 60 minute
incubation used here[23], Glu-CPNp fluorescence outside lysosomes indicates uptake
occurs by a different mechanism than macropinocytosis. This observation is in contrast to
the uptake of bare CPNps, which are taken nonspecifically into cells via macropinocytosis
and delivered exclusively to lysosomes.[11]
Known mechanisms for specific uptake of extracellular material bound to the cell
surface include clathrin-mediated endocytosis[24], and entry via caveolae, membrane
structures that incorporate the protein caveolin[25]. To investigate whether glucosemodified CPNps are delivered into cells via either of these mechanisms, we investigated
co-localization of CPNps and intracellular vacuoles labeled with anti-caveolin and anticlathrin antibodies. In these experiments, after glucose-modified CPNps were taken into
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CHO cells, the cells were fixed, permeabilized and stained with either anti-caveolin or anticlathrin heavy chain primary antibodies and labeled with Alexa Fluor 647 secondary
conjugate to illuminate sites containing caveolin or clathrin. Figure 5-7D-F and 5-7G-I
shows the results of caveolin and clathrin staining, respectively. In both cases, although the
glucose CPNp’s localization is vesicular, minimal co-localization is with anti-clathrin or caveolin antibodies. These results suggest that the final cellular destination is not in
caveolin- or clathrin-containing vesicles.

5.4

Summary
We have developed a straightforward method to prepare glucose-modified CPNps

by co-precipitation. The resulting nanoparticles retain the fluorescent properties of bare
particles. However, specific binding of glucose molecules present on the nanoparticle
surface results in substantially different cell surface binding and trafficking than observed
for unmodified particles. It is our expectation that these particles can be used as cellular
probes to visualize the cellular uptake and trafficking of glucose and glucose binding
proteins in live cells. Preliminary studies on CPNp uptake in T. brucei shows successful
trafficking to vesicular structures in PCF, but not in BSF. Further studies will be needed to
determine the specific structure that the CPNps are being trafficked to as well as how cargo
size affects uptake.
While other Glu-Nps and have been introduced, these new Glu-CPNps offer
distinct advantages over existing glucose tracking probes. While glucose-modified Nps
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with Ag, Au, or ferromagnetic cores have been synthesized, some of which have been
reported to be taken up into cells[26–29], these metallic Glu-Nps are not luminescent,
which limits their usefulness in fluorescence imaging applications. Small molecule
fluorescent glucose analogues have also been synthesized for use in glucose tracking. [4–
9] However, since CPNps are orders of magnitude brighter than small molecule dyes[10],
these small molecule analogues are substantially dimmer than the Glu-CPNp probe, and
must be generated through multi-step syntheses. It is our expectation that the substantial
fluorescence brightness, and straightforward production of these glucoseAs a result, this
Glu-CPNp bioprobe should provide substantial advantages over existing probes for glucose
trafficking.

5.5
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CHAPTER SIX
Closing Discussion

In the moment when I truly understand my enemy, understand him well enough to defeat
him, then in that very moment I also love him.
-

Andrew “Ender” Wiggin
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Trypanosome related diseases still pose significant health and economic risks in
many parts of the developing world. Only 13 new drugs have been developed for neglected
tropical diseases since 1975 and many have proved to be too expensive, too toxic or too
difficult to administer in resource poor settings [1]. Even worse, older front-line drugs are
losing their efficacy due to the emergence of widespread drug resistance. To this effect, it
is important to generate new therapeutic treatments for this prevalent disease.
Advances in the field of fluorescent labelling, instruments and optics have not only
provided better images of cellular structures, but also offer an opportunity to quantify
complex biological events. The increase in technological advances over the last few
decades has given researchers powerful tools for understanding the physiological and
pathological roles of molecular machineries in the living cell. Unfortunately, many of these
techniques have not yet been adapted to Trypanosomes or other causative agents of
neglected tropical diseases. Because of this, my work has involved the introduction of
fluorescent-based analytical platforms to Trypanosoma brucei as a model organism for
kinetoplastid diseases.
The two main outcomes of my work is the development of a peptide-targeted
quantitative pH sensor localized to glycosomes and a FRET-based protein construct in the
cytosol of live T. brucei cells. Using these probes, we have for the first time quantified the
pH levels and glucose concentration in live trypanosomes. Furthemore, these probes can
be used for in situ measurements with subcellular and temporal resolution, a significant
improvement to previous methods used in trypanosomes [2–4].
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Our pH measurements in the glycosome allowed us to verify that the glycosomal
compartment does indeed regulate pH in response to starvation conditions. Previous work
has shown that specific enzymes, such as hexokinase can be inactivated by acidification
[5]. Presumably, PCF cells in the insect vector adapt to the constant changing glucose
availability through this acidification process – acidification of the glycosomal
compartment may be used to activate or deactivate specific enzymes related to different
metabolic pathways (e.g. amino acid metabolism). Using our pH sensor, we were able to
observe this acidification process in live cells through time lapse microscopy. By exposing
the cells to different environmental conditions and treatments, it was determined that this
process is ion and ATP dependent, and may be regulated through specific proton
exchangers and vacuolar ATPases. Such knowledge could lead to potential therapeutics
that operate by disrupting this process.
The FRET based protein construct constitutively expressed in the cytosol also
helped us acquire significant insight to trypanosome biology. Similar to our pH
measurements, this was the first time in which the cytosolic glucose level could be
quantified in situ of live T. brucei with cellular resolution. This allowed us to study the rate
of glucose influx, metabolism, uptake specificity, and response to external conditions.
Glycosomes were chosen as the target organelle of interest for two important
reasons. First, they serve as an excellent target for drug design. Due to their role in
compartmentalizing the glycolysis pathway, these organelles are essential for cell survival
and contain many vital proteins and enzymes that can be targeted without severely
disrupting hosts processes [6,7]. Secondly, glycosomes represent a unique perspective of
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evolutionary divergence. Further research on these organelles may lead to significant
insight into our basic understanding of cellular biology. The contributions I have presented
here will be the first step in a continuum of research to adapt and optimize the use of
fluorescent techniques for studying Trypanosome species and other kinetoplasts.
Our knowledge of the parasite and parasite-host interactions are forever evolving,
aided by new tools and new collaborative efforts. Microscopy has enabled researchers to
explore cellular biology to unimaginative levels, and my research has focused on bringing
these advancements to trypanosomes as well. The work I have presented here is still in an
early stage and there is much more to be done. For example, the fluorescent peptide and
protein construct platforms can be modified to measure other analytes of interest or be
targeted to other subcellular regions. Further work can also be done to study the mechanism
of uptake, such as size and charge dependence. If peptides can be used to direct
fluorophores to specific compartments of interest, then it may be feasible to direct potential
therapeutics as well, decreasing the required effective dose and/or mitigate potential
conflict with host biological processes. My contribution here will help bring quantitative
microscopy techniques one step closer to its full potential.
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